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ABSTRACT OF TIHE DISSERTATION

Large Aperture Acoustic Array

by

Barbara J. Sotirin

Doctor of Philosophy in Electrical Eng:ineering (Applied Occan Scienrce)
University of California, San Diego, 1989

Professor John A. Hildebrand, Co-Chairperson
Professor William S. Hodgkiss, Jr., Co-Chairperson

A large aperture acoustic array for investigating the spatial distribution of
low frequency ambient noise has been designed, built and deployed fiom Research
Platform FLIP in the NE Pacific. Design constraints of such an array include a large
dynamic range to accommodate the absolute levels encountered within this band
and a large aperture with many elements to achieve good spatial resolution at low
frequencies.

Deployed vetically, the large aperture subjects the array to an inhomogene-
ous current field which necessitates the implementation of a navigation subsystem
for estimating the array shape prior to beamforming. Navigation results show that
the array is nearly vertical, responding to wind, tides, internal waves and surface
motion.

Knowledge of the individual element response is also required for accurate
beamforming, thus a system calibration must be executed. An intimate understand-
ing of the array as a measurement system is required for accurate analysis of the
data it collects. Due to the constraints imposed by the physical size and number of
elements, an in-situ method was utilized to evaluate array system performance and
characterize the response of individual elements.

Acoustic measurements recorded during the passage of a local storm, pro-
vide d unique opportunity to investigate the impact of the wind driven source
mechanism on the structure of the low frequency noise field. Beamformed data
illustrate the detailed spatial structure of low frequency noise. Upward looking
beams reflect local surface effects while horizontal looking beams are dominated
by eiietgy fiomn distant sources ,Uhich ',not he absolutely identified. The surface
directed beams display a threshold type behavior suggesting the abrupt onset of a
source mechanism such as breaking waves.
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INTRODUCTION

Spectral levels of low frequency sound (20-200 Hz) in the ocean are
aifected by environmental conditions in the local area, however investigations of
this dependency are usually contaminated by noise arriving at near horizontal
angles from distant sources due to the relatively low attenuation of sound in this
frequency band. One method of discriminating against the horizontally arriving
sound is to utilize the directional measurement capabilities of a vertical acousic
array in the beamforming process.

The low frequency spatial noise field is difficult to measure accurately. It
requires a large dynamic range, a large aperture and many elements. A large array
aperture imposes other constraints. It subjects a vertically deployed array system
to differential water currents which are capable of moving it physically. This
imparts a phase difference between individual element responses and for coherent
processing, the time-varying array element posistions must be defined. The physi-
cal size and large number of elements also lead to the investigation of Mn-situ cali-
bration methods and array performance evaluations.

This dissertation discusses the attributes of a large aperture acoustic array
in measuring the fine-scale variability of the oceanic ambient noise field at low fre-
quencies. It is divided into four chapters and an appendix. Each chapter is self-
contained and was written for publication in a refereed scientific journal. As a
result, some redundancy exits between chapters, particularly in system description.

The first chapter introduces the electronic and mechanical characteristics of
the array system, as well as deployment scenarios from the Research Platform FLIP.
An intimate understanding of the array as a measurement system is required for
accurate analysis of the data it collects.

In the second chapter, high frequency acoustic transponder signals are used
to estimate array element positions. The navigation method is discussed and
results are compared to independently acquired satellite positions of FLIP. The
positional time series data are analyzed in terms of the expected source functions:
wind, tides, internal waves and surface effects.

In the third chapter, data collected during an experiment are used to imple-
ment in-situ array calibration and performance evaluation techniques. Two
independent methods provided individual element amplitude estimates and verified
system noise constraints.

The fourth chapter presents the fine-scale structure of the vertical ambient
noise field. Emphasis was placed on data collected during the passage of a local
storm which provides a unique picture of wind-induced noise at low frequencies.

Due to the continuation of the array program at the Marine Physical Labora-
tory, the software techniques introduced in the second chapter along with system
errors and simulations were carefully documented and appear in the appendix.

Further investigation into low frequency spatial distribution would benefit
by simultaneous characterization of the surface wave field, horizontal as well as
vertical spatial resolution and ac~urate :_;timatcs of distant sources (ships and
storms).
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Chapter I

LARGE APERTURE DIGITAL ACOUSTIC ARRAY

1.1 ABSTRACT

A digital array of 120 acoustic channels and 9U0 m in length has been con-
structed to study low frequency (20-200 Hz) ambient noise in the ocean. The array
may be deployed vertically or horizontally from the research platform FLIP and the
array elements are localized within a high frequency acoustic transponder network.
This paper describes the instrumentation, telemetry and navigation systems of the
array during a vertical deployment in the northeast Pacific. Preliminary ambient
noise spectra are presented for various array depths and local wind speeds.
Ambient no' e in the frequency band above 100 Hz or belcw 25 Hz increases with
iocai wind speed. However, in the frequency band 25-100 Hz ambient noise is
independent of wind speed and may be dominanted by shipping sources.

1.2. INTRODUCTION

A digital array of 120 acoustic channels and 900 m length has been con-
structed for study of low frequency (20-200 Hz) ambient noise. A large aperture
array is required for high resolution directional information at low frequencies. A
well filled array is required to provide low side-lobe levels for study of ambient
noise. This paper describes the characteristics of a large aperture linear array of
hydrophones which may be deployed vertically or horizontally from the research
platform FLIP. Preliminary observations of low frequency ambient noise are
described from a vertical deployment of this array in the northeast Pacific during
September 1987.

Oceanic ambient noise is the prevailing sustained background of sound in
the ocean. These noise levels place constraints on the operation of acoustic sen-
sors in the ocean. For this reason it is valuable to understand the sources generat-
ing the sound, the absolute levels and the spectral shapes of ambient noise. Low
frequency noise is particularly important because of its low attenuation and there-
fore its ability to propagate over long distances. Only recently has it been practical
to investigate the directionality of ambient noise sources at low frequency (less
than 100 Hz) due to power, size and cost constraints.

The following have been identified as sources of low frequency noise in the
ocean [Urick, 19831: shipping, wind and waves, seismic disturbances, and nonlinear
ocean wave interactions. In the frequency band between 20 Hz and 100 Hz, ship-
ping is thought to be the dominant noise source where shipping sources are
present [Bannister et al, 1979; Burgess and Kewley, 1983]. This component may
include reverberative paths, perhaps related to prominent bottom topographic
features, as well as forward scattering and channeling of the shipping sources. The
variation of shipping noise may depend on whether the sources are of single-ship
or multiple-shi2 origin and whether they are local or distant.

3
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At frequencies between 100 and 200 Hz, sea surface noise generated by
wind and waves may be dominant. The reported contribution by local wind sources
in this Land is quite variable, ranging from a difference in spectral level of approxi-
mately +18 :o -4 db///,Pa//Hz [Urick, 1983; Wilson, 19831. The sources responsible
for this variati, 1 may be idenLified by examining the vertical and h,.rizontal direc-
tionality. Distant storms and noise generatea at the edges of the ocean due to
waves breaking on cliffs, rocks, or beaches as well as the nonlinear generation due
to interference of incoming and reflected c-oastal swell may produce an azimuthally
non-uniform contribution; local wind should induce a vertically variable contribu-
tion.

The unique capabilities of the array described in this paper allow its
deployment as a high performance vertical or horizontal artay. Arrays previously
ur-ri to measure low frequency vertica! directio'u!ity arc isted . Table 1.1 to facil-
itate comparison. The number of elennt, (120') and large aperture (900 m) of ovr
array is substantially greater than previoasly reported vertical arrays. This large
aperture will allow higher iesolution vertical directionality than was previously
available. Horizontal directionality is usually measured using large aperture towed
arrays. Our array can be nootd horizontall; because of its neutrally buoyant
design. When operated in the hor.zontal configuration, the flow no.s, affecting our
array is significantly less than for towed arrays, leading to improved array perfor-
mance.

Numberof I Aperture Hydrophone Frequency I Deployment Deployment Reference
Elements Spacing Range Depth (atual) .Platform

900 uniforn 20-200 400-3100 F.P* tf'w paper 1988
li 34 nested subarrays 62.5-1K 200 free floating (l,, Buckingham and Jones 1987

48 115 uniform 0-450 sound channel FUP 151 Hodgkiss and Fisher 1986
27 93 uniform 0-600 sound channel FUP [151 Hodgkiss and Fsher 1986
31 180 nested subamys 20-8gr) 300 free floating (31 Burgess and Kewley 1983
31 310 uniform 45-10L 1500 surface ship 1161 Wales and Diachok 1982
12 237 logarithmic <200 300-3100 frvt floating [171 Browning. etal 1982
20 <560 uruform 5-400 700-4800 FUP [181 Tyce 1982 and

(variable) [191 Anderson 1979
40 97 geometric 112-1414 4400 anchored to botom [201 Axelrod. er ai 1965

* FUP (Floating Instrument Platform) is a manned 100 meter spar buoy stable platform
operated by the Urniversity of California. San Diego. Manne Physical Laboratory.

Table 1.1. Comparison of Vertical Arrays.

1.3. ARRAY DESCRIPTION

This section describes the array electrical and mechanical design. The array
has a modular design, which facilitates assembly and transportation, and allows for

4
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Figure 1.1 Vertical deployment configur;li on of the low frequency digital acoustic array
from the research platform FLiP.
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a variable aperture. It is separable into identical hose sections of 10 elements each,
joined together by in-line interchangeable pressure cases. Each of the 10 elements
consists of two hydrophones, a preamp, a filter and a line driver submerged in insu-
lating noroma oil. The oil filled hoses are neutrally buoyant in seawater, necessary
for horizontal deployments. The interelement spacing is 7.5 m and the elements
are secured within the 2.54 cm diameter urethene hose by a kevlar line which is ter-
minated near each end of the hose subsection. In-line pressure cases are located
between each hose section of 10 hydrophones. The pressure cases are 45 cm long
with a 7.6 cm outside diameter providing a low profile cross-section. These pres-
sure cases house non-pressure tolerant electronics for processing and telemetering
the hydrophone signals. Hydrophone data are transmitted asynchronously along
the array to a telemetry module near the FLIP end of the array. This module buffers
the data and synchronously transmits it through a double-lay armored electrical
cable to the surface where it is recorded by the data acquisition computer (LSI- 11).
The tension carried by the electrical support cable is transferred at the telemetry
module to a 1.5 cm diameter kevlar line. During vertical deployment, the hoses and
pressure cases are attached to the kevlar line which has 310 kg at its bottom to
maintain verticality. The array is deployed from the research platform FLIP which
maintains station by a multipoint moor. The array is suspended from a hydro-
graphic winch which allows it to be lowered to a specified depth below FLIP. Figure
1.1 shows a schematic of the array configuration during vertical deployment.

The coaxial armored uplink electrical cable carries frequency multiplexed
data in three bands: uplink data, downlink commands and dc power. The spectrum
allocated for the uplink data is from 100 kHz up to approximately 1.5 MHz. The
uplink data rate is I Mbit per second encoded using a Miller code to reduce the
bandwidth required to approximately 500 kHz. The downlink spectrum is from 100
kHz down to 1.5 kHz. The downlink data is encoded on a 20 kHz carrier which is
used to synchronize the data sampling clocks, and a command synchronization bit
sequence is transmitted every 2 msec. The cable simultaneously carries the DC
power for the array. Each section of the array has DC-to-DC converters that pro-
duce 5 volts at 600 mA and ±15 volts at 150 mA to power the electronics and
hydrophone elements. The sections are in series so that they use the same current:
the voltage necessary for the complete array is 5.1 volts times the number of sec-
tions. The power loss in the armored uplink cable is proportional to the current
and does not change as the number of array sections changes.

1.3.1. Uplink Data Stream
This section describes the uplink of acoustic data from the array hydro-

phones to the topside electronics. The data stream originates at the hydrophones.
It is amplified, filtered, converted to a digital signal, reformatted and finally
transmitted to the surface as shown schematically in Figure 1.2. The hydrophones
are an Aquadyne AQ-I with a sensitivity of -204 dB re 1 V/jiPa and a capacitance of
12 nf. AQ-1 hydrophones have been calibrated with respect to pressure, tempera-
ture and frequency and exhibit a well-behaved response over the range of operating
conditions [Lastinger, 1982]. There is a 2 to 3 dB re 1 V/pPa sensitivity increase
from low pressure (near surface) to high pressure (6000 m), a 0.2 to 0.3 dB re I
V/IPa sensitivity increase from 0' C to 22' C and a ±0.2 dB re I V/pPa sensitivity
variation across a frequency band of 10 to 1000 Hz. There are two hydrophones
per array element wired in series for an element sensitivity of -198 dB re I V/pPa.
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Tested at a constant depth (1830 m), the relative phase of the hydrophones is
within 0.2 %, changing the depth from just below the surface to full operating depth
(3000 m) induced a relative phase change between hydrophones which was less
than 0.6 0. The hydrophone output is applied to a very low noise FET preamplifier
with 40 dB of gain. The minimum expected acoustic noise level is approximately 45
dB re 1 pPa at 100 Hz [Wenz, 19621 and the electrical noise in the preamp is approx-
imately 15 dB below this level. The output is filtered by a six pole low pass phase-
matched filter with a corner frequency at 220 Hz and whose in band gain is 1. The
preamp has a low frequency cutoff below 10 Hz. A differential line driver is used
to transmit the signal a distance of up to 33.75 m to a processor pressure case.
There are 10 elements per 75 m section with each processor receiving 5 inputs from
the hose on either side. The two elements immediately adjacent to a processor
pressure case are filtered within the pressure case rather than at the element to
provide 12 kHz acoustic information required for navigating the array.

In the processor pressure case the hydrophone inputs are selected sequen-
tially by a differential multiplexer, converted from differential to single-ended sig-
nals, amplified by a programmable variable gain amplifier, captured by a sample-
and-hold circuit and converted to 12 bit digital form. The programmable analog to
digital converter (A/D) clock is synchronous with the 20 KHz downlink carrier and
the A/D outputs are stored in a 16 word first-in first-out (FIFO) register before the
processor is interrupted to take the 10 data words. Of the 16 bits per word stored
in the FIFO, twelve bits are data, two bits are from the navigation detectors, and two
bits are hardware status flags. Prior to low pass filtering, the signals from the
hydrophones adjacent to the pressure case are routed to a 12 kHz detection circuit.
This circuit compares the signal level in a narrow band receiver at 12 kHz to the
level of a broad band receiver to determine the presence or absence of a 12 kHz
acoustic transponder signal. The 1-bit detection from each circuit is multiplexed in
with every 12-bit hydrophone word as it is stored in the FIFO. The CPU is a
Motorola 68000 operating at 4 MHz with 4K ROM and 2K RAM available. The 4 MHz
clock is derived from a 16 MHz crystal which is phase locked to a 1 MHz clock sig-
nal from the telemetry module. The software is interrupt driven with the highest
priority interrupt responding to the A/D. The second highest priority interrupt
transmits the processed data and the lowest priority services the downlink syn-
chronization sequence. The signal data are loaded from the FIFO into a large RAM
buffer and the CPU then processes the data before presenting it to a Manchester
code repeater/encoder for transmission.

The array processors are synchronized by a downlink pattern at a 500 Hz
rate. At synchronization the farthest processor from FLIP transmits a synchroniza-
tion word and the processed data. Each sequential processor repeats the data bit
stream from the processor before and inserts its data followed by a unique ID
within a specified time window. At the FLIP end of the array is a telemetry module
which contains a Manchester decoder, a FIFO, and a synchronous data transmitter.
The telemetry module converts the asynchronous data along the array to a continu-
ous data stream up the cable to FLIP. It adds frame sync words and null data when
the FIFO is empty or busy. The data are driven up the cable at a 1 MHz rate by a
high power amplifier (10 watts) to overcome the cable attenuation of approximately
45 dB re 1 V. A bit stream containing data from all the array sections is available
every 2 msec at FLIP.
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1.3.2. Topside Electronics
This section describes the topside data acquisition system (Figure 1.3). The

uplink data are presented to an array interface module where they are amplified
and filtered to remove cable phase distortion. A Decom Systems bit
synchronizer/decommutator locks to the frame sync word in the data bit stream,
and decodes the data to present it to the data acquisition computer (LSI-11). The
decommutator hardware transfers data by direct memory access (DMA) to a ring
buffer initialized by the LSI-I I data handler software. An eight word header con-
taining a buffer ID and the timing and sequence information is prepended to the
ring buffer prior to the transfer to magnetic tape. The tape transfer is a DMA
directly from the ring buffer thus avoiding the overhead in an intermediate user
buffer transfer. A buffer counter tracks the number of transfers and when the tape
is full, the handler automatically begins accessing a second tape drive without loss
of data. Confirmation of the buffer iD, buffer counter, frame sync word and proces-
sor ID during data processing verifies the integrity of the telemetry system.

1.3.3. Downlink Command Stream
This section describes the downlink of commands from the topside data

acquisition computer to the array processors. The commands are entered at the
operator terminal or from a set of switches on the array interface box and may be
sent at any time while the array is operating. The maximum downlink command
data rate is !imited to 550 baud to ensure accuracy of transmi-ion. Downlink com-
mands may be specific to selected processors or broadcast to all processors. There
are three categories of commands as shown in Table 1.2: diagnostic, control/ initial-
ization, and data format. The left-most hex number of Table 1.2 is the command
byte sent by the data acquisition computer to the array. The last column indicates
the type of command, Diagostic, Initialization or data Format. The diagnostic com-
mands assist in localizing errors in individual processors. Allowable functions are
to test memory, read specific memory locations, enter and execute additional
machine code, alter the processor position in the uplink bit stream, turn off the
transmitter of the addressed processor so the bit stream is passed around it, and
full or partial resets. The control/initialization commands modify array operational
parameters. The select command determines the order in which hydrophoiies or
other sensors are digitized, allowing selection of other sensors such as depth
gauges. The scan off command causes only one hydrophone to be digitized per sec-
tion. The AID rate commands selects the rate at which the A/D will digitize the
incoming data. The variable gain commands selects specific gain outputs of a two
stage amplifier. Gains between 5 and 1000 are obtained by selecting a gain of 1, 5,
10 or 20 from the first stage and 5, 8, 12, or 20 from the second stage. The data
format commands determine the data format to be transmitted. The fc'rmats avai!-
able transmit some combination of test data, hydrophone data, navigation data and
a processor ID. The navigation receiver commands select which navigation receiver
signal is digitized when the choice of data format restricts the number of naviga-
tion bits transmitted.
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41 DIAG 2 ON memory test then full lnit D
4Z SHOW HWID hwtd pos swid eeee D
43 DIAG 1 ON analog data test D
44 DIAG I OFF D
45 SCAN ON scans through phones I
46 SCAN OFF selects only one phone I
47 SOFT INITIALIZE D
48 OFF I
49 5KIAD RATE
4A IOK I
4B 20K I

4C NAV RCVR 0
4D NAV RCVR I
d V _. -ENABIE&M -PROGRAM( n
50-5F SEL HYD N -=0 throueh F

60 1 stage 1
61 S I
62 10
63 20
64 VAR GAIN S stage 2 I
65 8

66 12 1
67 50

68 1000

69 6 send S's (navO) or A's (navl) F
6A s 10 phones + nav F
6B 4 2 nay words + 8 phones F
6C DATA FORMAT 3 10 phones F
6D 2 test tape F
6E 1 listen F

6FOFF 

70-71 NEW POSITION N N=O throuvh F DL
80 OFF get data from memory location: D
81 2000 (adad aaaa cccc) address, contents D
82 2200 D
83 2400 D
84 2820 D
85 28D4 D

86 2900 D

87 DIAG 3 2940 D
88 2980 D
89 29C0 D

8A ----- D
8B ..... D

8C 2F00 D
8D 2FCO D
8E D

8F INCREMENT ADD IJUNDIAGQ3 __ _ D

90 UPLINK OFF D
91 UPLINK ON D
92 STORED SINUSOID ON D
93 STORED SINUSOID OFF D
99 FULL RESET D

Table 1.2. Available Array Commands

11



B. J. Sotirin

1.3.4. Navigation
Array acoustic navigation is accomplished by detecting the return signals of

near bottom acoustic transponders [McGehee and Boegeman, 1966). A minimum set
of three transponders are interrogated from FLIP at unique frequencies and their
replies are detected by the array. The time of arrival of each reply corresponds to
the range between the transponder and the array element. A set of ranges are
determined for each array navigation element and input to a program which calcu-
lates element position [Lowenstein, 1966].

The transponders employed were developed for navigation of the MPL
deeptow fish [Spiess et al, 19661. For navigati-n of the array these transponders
are deployed in roughly a one nautical mile equilateral triangle about FLIP. They
are anchored above the sea floor by a 100 m length of line. To increase the reliabil-
ity of detection in a noisey environment, the receive circuitry in the transponders
(as well as in the array) compares the energy in a narrow band (200 Hz effective
bandwidth) about the interrogation frequency to the total energy received in a
passband of approximately 1.5 kHz. By adjusting the bandwidth and Q of the
iecognition circuitry, a short recognition time (>1 rn~e" and high Pnise rejection
are achieved. The interrogation signal for each transponder is unique and upon
detection the transponder replies with a 3 msec 12 kHz pulse which is received and
recorded by IP and the array.

The transponder locations must be surveyed to determine their relative
positions before using them to navigate the array. The transponder locations are
adjusted relative to an arbitrary origin by an iterative approach which alternately
rdetorrnnes ship positions from known transponder positions and transponder
positions from known ship positions using a least squares approach. The initial
transponder positions are derived from the GPS satellite navigation positions of the
surface ship as each transponder is dpnloyed. A data set containing slant ranges,
depths, and initial positions is input to the navigation program. The difference
between the calculated and measured positions defines the error.

The horizontal projection (Figure 1.4) of the slant range between a given
transponder and a given surface ship position (or FLIP or an array element) is:

Hproj(ntr,npos) = S - D 2

where ntr indicates a particular transponder, npos indicates a particular fix or posi-
tion of the surface ship, S is the slant range from the source to that transponder
and D is the transpondet depth minus the source depth. The mean squared error is:

Erose = 1/N )_(rngxy - Hproj)2  where rngxy = -\(Xss - xr) 2 + (Yss - Yrl) 2.

The horizontal range rngxy is determined by the initial X-Y positions where x, and
Ys represent the position of the surface ship and N is the number of transponders.
If the RMS errors are large the position is adjusted and the process iterates. The
adjustment is calculated using the method of steepest descent to follow the mean
squared error gradient to a minimum. For known transponder positions, the per-
turbed ship position in the x direction is:

x' s = x3, + h Er.Me(XS',ySS)
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= x,, + h * (x,, - xT1) * (rngxy - Hproj) / (rngxy * N).

where x,,is the surface ship position, h is the step size, and E,,,e is the derivative of
the error function with respect to x. The y-direction adjustment is calculated simi-
larly. When the RMS error becomes small the current position is saved.

Assuming the ship positions are known parameters, the transponder posi-
tions are adjusted using tile same technique. Upon completion of the adjustment
loops, the RMS error for all the transponders is evaluated. If this error is not
acceptable, then the RNIS errors associated with each ship position are examined,
any position with an error greater than a specified value is deleted and the process
begins again. This method gives the best itansponder locations in a least squares
sense which are consistent with the available data.

The array and FLIP are navigated similarly. A hydrophone located at the
bottom of FLIP transmits a series of transponder interrogation sequences (TIS). A
TIS consists of four interrogation pulses at ten second intervals followed by a silent
interval. The first three pulses are at the interrogate frequencies of the bottom
transponders (10, 10.5 and 11 kHz). Upon receiving an interrogation pulse a bottom
transponder replies with a 3 msec pulse at 12 kHz. The fourth TIS pulse is at 12
kHz and is received by the array navigation elements to indicate array depth. The
array therefore receives four consecutive 12 kHz pulses, whcse timing indicates the
transponder ranges and depth beneath FLIP. The array samples the 12 kHz pulses
at an operator selected rate (typically 0.4 msec). The CPU decimates the data if
necessary to provide a continuous time series consistent with the number of bits
allowed for navigation. The interrogation sequence is synchronized with the data
sampling timebase in the array and the initiation time of the sequence is recorded.
The navigation time series establishes the range from each navigation element to
each transponder after removal of the FLIP to transponder ranges [Sotirin et al,
1988]. The ranges are corrected for a varying sound speed profile by integrating
over the ray path.

Calculation of the hydrophone position begins by determining the two
intersections of the horizontal projection arcs. The third transponder range deter-
mines which intersection is used as an initial position. The data are iterated as
described above to reduce the RMS errors. Array element relative location accura-
cies of a few meters may be achieved by this method. Examples of array element
positions from the September 1987 experiment are displayed in Figure 1.5, demon-
strating the relative motion. The symbols represent the array at four hour incre-
ments spanning a 24 hour period. There is less than 1° tilt from vertical across the
900 m array aperture. The motion of FLIP (Figure I.Sa) appears to be driven by the
increasing northerly wind over the time analyzed (see Figure 1.7h). The north-south
motion of the array (Figure 1.5b) is affected by the motion of FLIP as well as tidal
motion. The east-west array motion (Figure 1.5c) is primarily tidally driven, with a
semi-diurnal period.

1.4. EXPERIMENTAL RESULTS

Ambient noise data are presented from an experiment conducted in the
northeast Pacific during the month of September 1987. Data were collected for 20
days, approximately 400 km southwest of Monterey in 4700 m of water. The pro-
grammable data sampling rate was selected at 500 liz. The array was deployed at
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Figure 1.6 Array deployment depths for the September 1987 seatest_ The three curves
represe, (a) the historical sound speed profile (dotted) obtained from the National Oceano-
graphic Data Center [ 121 for the experimental area and time of year (designated area 25), (b)
the sound speed (dashed) obtained from a Conductivity. Temperature and Depth (CTD) cast
deployed from a surface ship approximately 40 km northwest of the array and (c) the sound
speed (solid) calculated with the Clay and Medwin [131 equation using the historical salinity
data and an expendable bathymetric thermistor (XBT) deployed from FLUP.
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Figure 1.7 Ambient Noise variation with respect to wind and depth. Depths indicated are
nominal for the top of the array, the hydrophone shown is 675 m deeper. Data were extracted
on different days to obtain similar environmentai conditions. The i ,rrow band signals are in-
terference from equipment aboard FUP. (a) Wind: 4 kts, Depth: 400 m, Jday: 257; (b) Wind:
28 kts, Depth: 400 m, Jday: 259; (c) Wind: 6 kts, Depth: 1300 m, Jday: 267; (d) Wind: 26 kts,
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Depth: 2300 m, Jday: 269; (g) Representative spectral difference with wind; (h) Wind speed
(kts) vs. Julian Day (Jday).
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various water depths spanning the water column from 400 m to 3100 m. Figure 1.6
shows the array depth superimposed on the sound speed profile.

Representative hydrophone spectra illustrate the ambient noise variation
with depth and wind speed (Figure 1.7). The local wind speed varied from 4 to 28
knots during the experiment as shown in Figure 1.7h. The spectra were obtained by
incoherently averaging eleven 8192-point FFT's with 50 percent overlap of a Kaiser-
Bessel (a-2.5) windowed time series. The nearly uniform spectral level with depth
is consistent with previous investigations [Morris, 1978: Urick, 19831. There is a dis-
tinct difference in spectral level as wind speed increases (Figure 1.7g). The spectra
at a nominal depth ot 1300 m at low wind speed (Figure 1.7c) and high wind speed
(Figure 1.7d) were bin averaged and subtracted to provide a measure of wind speed
dependent variations. Significant variation in ambient noise was observed fc - fre-
quencies above 100 Hz and below 25 Hz. Above 100 Hz at all depths, an increasing
amplitude and distinct whitening of the spectra are observed at high wind speeds.
The observed spec ral difference is consistent with previous observations which
are diverse in this frequency band (see Table 1.3).

Change in Change in Frequency Reference
Spectral Level Wind
dB//IiPa/VHz kts Hz

+18 4-6 to 28-33 200 Urick 1983
+9 10-40 200 Burgess and Kewley 1983
+7 4-6 to 22-28 200 this paper 1988
+7 10-30 150 Morris 1978
+5 18-28 177 Shooter and Gentry 1981
+4 5-28 177 Perrone 1969

0 6-22 200 Hodgkiss and Fisher 1986
-4 low-high 165 Wilson 1983

Table 1.3. Ambient Noise Spectral Variation with Wind Speed.

Another effect of the wind is the level of mechanical vibration or strum which
increases with wind speed. This source is important to the spectral shape below 25
Hz at all wind speeds but may contribute energy between 25 and 50 Hz at higher
wind speeds. The bandwidth of the strum contaminated noise increases with wind
speed and decreases with depth. Preliminary analysis indicates that frequency-
wavenumber filtering is effective in removing this noise source as the vibrational
modes travel at velocities other than that of acoustic energy. In the band between
20 and 100 Hz the spectral amplitude was independent of wind speed. Shipping
may be the dominant noise source for this band as the experiment was in an area of
high shipping density. The characteristic spectral "hump" due to shipping noise
was observed throughout the experiment. "-irrow band 60 Hz harmonics are seen
in the spectra and are generated either mechanically or electrically by FLIP. Tihere
was no evidence of 60 Hz lines during laboratory studies of the array self noise.
The 60 Hz harmonics are narrow band and do not degrade the broadband signal
analysis.

A graphic display of the output of 120 acoustic channels recording ani air
gun source at a range of 500 km is shown in Figure 1.8. In this plot, a compressive
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Figure 1.8 Time Series Display of Acoustic Channels. A graphic display of the acoustic
channels shows an air gun source at a range of 300 miles as~ well as longitudinal and
transverse (shear) strum modes. The time record displayed is 3.5 seconds. The array hydro-
phone depths spani 400 m to 1300 m.
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pressure field, or positive voltage excursion, is represented as a filled line, a rare-
fa-tive pressure field or negative voltage is represented as an unfilled line. The air
gun is seen as a series of impulsive arrivals that appear as both downward-
propagating and upward-propagating wavefrorts across the array. In addition, two
modes of mechanical vibration (strum) are identified in Figure 1.8. The first mode
is a longitudinal vibration of the kevlar support cable, probably due to vertical
motions of FLIP pulling on the support cable. This mode propagates with a phase
velocity of 1800 m/sec and appears as a downward-propagating transient in Figure
1.8. The second mode is a transverse vibration of the kevlar support cable, prob-
ably e"cited by water currents. This mode propagates with a phase velocity of 40
m/sec and appears as a series of shallow-dipping lines with an interference pattern
every 75 m, corresponding to the spacing of the inline pressure cases.

The air gun array is seen as a contaminant in the spectra of the ambient
noise data in Figure 1.9a. Since the operating area of the air gun array was shallow,
the ocean bottom aitered the arrival, part of which is coupled into the deep sound
channel by down-slope conversion and arrives at the array in a multipath structure
at a variety of angles. The effect of the profiler is significant in the 125 to 250 Hz
band where it dominates the spectra, clearly distorting the 10 dB/octave rolloff of
the ambient noise. The profiler was extracted (Figure 1.9b) by removing the visible
signal from the array time series, padding the remaining data to 8192 points and
producing the spectrum as described above with no overlapping. The profiler spec-
tra in Figure 1.9c was calculated from 800 data points and a rectangular window,
and shows the ambient noise spectra uncontaminated by the profiler.

1.5. SUMMARY

This paper describes the low frequency digital acoustic array designed and
built at the Marine Physical Laboratory. A sea test has been conducted to verify the
vertical deployment, telemetry, acoustic navigation and ambient noise measurement
capabilities of the array. Navigation of the array was conducted within an acoustic
transponder net. Ambient noise spectra from single array elements were consistent
with previous observations of shipping noise in the frequency band between 20 Hz
and 100 Hz. At frequencies above 100 Hz sea surface noise generated by local wind
and waves was observed. Current efforts are underway In investigate the vertical
directional spectra of low frequency noise measured by the array.

20



SIO Reference 89-10

120 +
TAPE: 235 GAIN: 42

100

~80

"m 60 a
O 120
aL TAPE: 235 GAIN: 42 REMOVE PROPMER
0

I,. 100
E

S80

-o 60

120
TAPE: 235 GAIN: 42 PROFILER

W 100

0
a. 80

60 C I

0 100 200
FREQUENCY (Hz)

Figure 1.9 Seismic Profiler Contamination. The effect of the air gun signal is seen to be

clearly contaminating the ambient noise spectra. (a) Original data acquired at array channel

24. (b) Same data as (a) with profiler signal removed. (c) Profiler signature as seen at the ar-

ray.

21



B. J. Sotirin

22



SIO Reference 89-10

Chapter 2

ACOUSTIC NAVIGATION OF A LARGE APERTURE ARRAY

2.1. ABSTRACT
Acoustic travel time measurements were used to navigate the elements of a

large aperture (900 m) acoustic array. Array navigation system performance was
evaluated during a vertical deployment in the northeast Pacific from the research
platform FLIP. A network of bottom-moored acoustic transponders were
interrogated from FLIP and their 12 KHz replies were detected by receivers at 75 m
intervals within the array. A nonlinear least squares algorithm was used to estimate
FLIP and array element positions from the travel time measurements. The FLIP
positions derived from this procedure agreed with positions obtained from Global
Positioning System (GPS) satellite navigation within d 10 m RMS error. Navigated
positions for FLIP were internally consistent with a 0.5 m mean RMS error and
standard deviation of 1.1 m and for an array element were consistent with a 2.8 m
mean RMS error and standard deviation of 0.8 m. The resulting time series of array
and !IP motions were analyzed with respect to wind, tidal and internal wave
forcing functions. Wind and tidal forcing had the greatest influence on FLIP motion
whereas tidal and internal wave forcing had the greatest influence on array motion.

2.2. INTRODUCTION
Large aperture arrays produce high resolution directional information by

coherently combining signals from individual array elements. Estimates of array
shape and element position are required because of the dependence of signal phase
on element location. Navigation of such an array in the ocean requires a known
reference system in a spatially and temporally varying environment.

A 900 m, 120 element low frequency acoustic array has been developed by
tile Marine Physical Laboratory [Sotirin and Hildebrand, 1988]. The array is capable
of being deployed either horizontally or vertically up to an ocean depth of 6000 m.
Navigation of the array is an important part of its operational requirements and the
subsystem implemented to perform tile navigation must meet design specifications.
The position accuracy required is on the order of a few meters, the duration of
deployment is on the order of a few months, an operating range of up to 10 km
must be viable, the size and cost of the system must be manageable, and the
sampling rate must be sufficient to resolve array dynamics due to water currents,
tides, wind and internal waves.

Techniques commonly used in ocean positioning systems are based on
mechanical, electromagnetic or acoustical signals [Spiess, 19831. Mechanical
positioning devices capable of the accuracy required include inertial systems,
pressure sensors, tilt meters, measuring rods and sound-velocity meters. The cost
and size requirements of instrumenting a 900 m array with such sensors is
prohibitive, although pressure sensors would be valuable for depth positioning in
combination with an alternative method for lateral positioning. Electromagnetic
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systems are either surface systems whose signals are highly attenuated in water but
are useful in determining the position of a surface vessel (e.g. Global Positioning
System, GPS), or pulsed laser systems which are currently under development and
may eventually be effective within a 1 km range. The technique most easily
adapted to a large aperture array deployed in the water column is acoustic
navigation. Such systems measure the travel time of acoustic energy between two
points in the ocean, are capable of resolving a few meters over a 10 km range and
are cost effective and physically manageable. Based on these considerations, an
acoustic navigation subsystem was implemented as an integral part of the array.

This paper describes the array acoustic navigation system and its operation
during a vertical deployment from Research Platform FLIP in the northeast Pacific
during September 1987. We describe the hardware system and acquisition of travel
time measurements and associated errors, the nonlinear least squares estimation of
array spatial positions, and the analysis of FLIP and array time-varying positions
during the deployment.

2.3. TRAVEL TIME MEASUREMENTS

Acoustic travel time measurelents provide range information between the
array and a set of fixed transponders. Ranges to three or more transponders are
required to calculate FLIP position and array position and shape. The navigation
hardware consisted of three bottom moored acoustic transponders, two
transmit/receive timing units mounted on FLIP (one used for FLIP navigation and
the other used for array navigation), an interrogator/receiver located at the bottom
of FLIP and 12 KHz acoustic detectors distributed along the array. At a known time,
an interrogation signal is transmitted from FLIP. This signal triggers a transponder
reply which is then detected by the array or the FLIP receiver systems. The travel
times between the transponders, FLIP, and the array detectors determine array
position and shape.

During the September 1987 experiment, three navigation transponders were
moored in 4700 m of water distributed as a 1.4 nm equilateral triangle. FLIp's
position was maintained in the middle of the transponder network by a 3-point
moor (Figure 2.1). The transponders were deployed by a surface support ship
operating a GPS satellite navigation receiver for absolute positional information.
The transponders were equipped with anchors (175 kg) to secure them to the oceal
floor and to constrain the horizontal movement during descent (sink rate of
approximately 1 m/s). Once anchored, they were buoyed up above the anchor on
100 m lines with 130 kg of hard floats to limit horizontal movement and to insure a
well separated bottom bounce. They operate by detecting a unique interrogation
frequency and answer with a 3 ms reply at 12 KHz with a source level of 190 dB re
1 1pPa at 1 m. The recognition delay time is 0.5 to 3 tis depending upon the sigl,<d,
to noise ratio of the interrogation pulse (Boegeman, 19881. Due to the proximity of
FLIP, the absence of other local high frequency ambient noise sources and the
manual control of the signal level on the interrogator, a constant delay time of less
than 1 ms was assumed.

The interrogation pulse was sent from a transceiver mounted on the bottom
of FLIP (90 m in depth). The pulse level was adjusted manually above the ambient
noise for consistent transponder replies. The pulse was triggered by either a chart
recorder to navigate FLIP or by an interrogation circuit to navigate the array. The
chart recorder trace, set on a one second sweep rate, displayed the 12 KlIz
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Figure 2.1 Navigation overview. The navigation system consists of dhree bottom moored
transponders in an equilateral trangle about FLIP and the vertical array. The transponders are
designated by color: red, green and blue. The initial xyz coordinates of the transponders and of
the FLIP interrogator are indicated.
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Figure 2.2 Travel time acquisition. The 12 array navigation receivers each detect four pulses
during a 65.5 36 s navigation cycle. The normalized correlated receiver outputs are shown dur-
ing a one second interval bracketing each detection. The top trace represents the output of the
top receiver, followed in sequence by the deeper receivers. The first three panels (a), (b), and
(c) represent the detected replies of the three transponders, arriving at the deepest receiver first
and traveling up through the water column to the shallower receivers. The last panel (d) is the
detection of the 12 KHz pulse transmitted from FLIP traveling down the array, with a surface
reflection arriving about 120 ms after the direct pulse. The small x's represent the valid data
window. The start time is indicated at the top of each panel.
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transponder reply amplitudes in a 500 Hz band with a transmit/receive delay time
of 0.1 ms. Each transponder was interrogated individually to facilitate
identification and transmitted a reply pulse once per second for 45 seconds. Since
the FLIP transducer was alsu used as an interrogator for the array navigation
system, only one system was operable at a time; consequently the FLIP navigation
data were recorded only once an hour during the sea test. Round trip travel times
for navigating FLIP were measured by hand from the chart recorder output with an
estimated RMS error of 2-3 ms.

The 900 m array was deployed vertically from FLIP with a 420 kg weight
attached to maintain a nearly vertical orientation. The array navigation subsystem
was composed of 12 hydrophones with 75 m spacing monitored by 12 individually
programmable processors. Each of the 12 processors contained tuned navigation
receivers designed to detect the 12 KHz transponder reply in a 200 Hz band with a
-6 dB minimum signal to noise ratio. Once per minute the transceiver on FLIP sent
out 4 pulses: three unique transponder interrogation pulses followed by a 12 KHz
pulse for depth ranging. The 12 KHz transponder replies (3 ms) and the 12 KHz
depth ranging pulse from FLIP (10 ms) were recorded in series as a one bit output
every 0.4 ms by each of the array navigation receivers. The interrogation sequence
clock was synchronized with the array timebase and recorded every 128 ins.

To calculate the travel time, the time of the transponder return must be
determined relative to the time of the interrogation. The signal which initiated the
interrogation sequence was found by linear interpolation of the interrogation
sequence clock. The leading edge of the return pulse was found by recreating each
of the navigation receiver time series, and correlating these binary time series ,rth
a pulse replica which depended upon array receiver noise and level of detection. A
one second time interval of the normalized correlation output from each array
section is shown for each transponder in Figure 2.2. The correlated arrival across
the array of each transponder reply is evident; interference and noise are also
evident. To reduce the chances of detecting a noise spike or multipath return
rather than the direct transponder reply, a window was invoked for each expected
return during which time the data were considered valid, as shown by the small x's
in Figure 2.2. The window was allowed to track the replies as the arrival time
shifted with array movement. The travel time from the transponder to the array is
the difference between the departure time of the interrogation pulse and the arrival
time of the transponder reply at the leading edge of the correlated signal minus the
travel time from FLIP to the transponder and the constant system ,elay times.

The accuracy of the travel time measurements from the b-ttorn
transponders to the array was dependent upon factors which affected all receivers
similarly as well as factors which varied with each array receiver. The factors with
similar effect were the ambient ocean noise in the 12 KHz band which has a typical
level of 30-40 dB//piPa//Hz and the transponder performance which introduced
timing errors [Sotirin and Hodgkiss, 19891. The factors which varied with receiver
were the drift in the array clock phase lock loop circuitry which introduces small
sampling time errors, the FLIP to transponder travel time measurement error (the
resultant error in array to transponder range increases as depth decreases) of order
1.5 ins, and the noise and detection threshold of the array receivers. The variation
in receiver error [Sotirin and liodgkiss, 19891 is confined for the most part to a
mismatch in detection threshold due to the temperature sensitivity of the
capacitors and high failure rate of the inductors in the tuned navigation filters.
This variation was estimated at 2 ms during laboratory tests of the frequency
sensitivity of the tuned filters and by examining the length of the transponder

27



B. J. Sotirin

replies. Estimated accuracy for the array travel time measurements depends upon
the receiver and the depth of the array but is typically 2-3 ms. The accuracy of the
depth measurements is affected by the ambient ocean noise, the transmitter and
detector noise, the detection threshold and the strength of th . tr-ncmi~sion.
Measuieinat erroL i ilie travel times corresponiding to array depths is estimated
by calculating the mean standard deviation in 10 sample segments to be <1 ms.

2.4. POSITION ESTIMATION

In this section we determine where the three bottom transponders, the FLIP
transceiver and the array elements are in 3-dimensional space using the travel times
described in the previous section. The general problem of fitting model functions
and parameters (spatial positions) to data (travel times) appears in many areas of
applied science: as parameter estimation, regression analysis, inverse problems,
filtering, process identification, and as an optimization problem in numerical
analysis. Noise in the travel time measurements demand that sufficient data be
collected to overdetermine the solution, requiring some kind of approximation
method.

To approximate the solution, an optimization problem is defined to
minimize differences between model predictions and actual measurements. The
function relating predictions and measurements is determined by the problem
structure and the error distribution. One approach is to minimize the differences
with respect to a matrix norm. Analytically, the most viable choice is the 12 norm
resulting in the familiar least squares solution. If the errors are independent and
distributed normally with a constant standard deviation then the 12 norm coincides
with the maximum likelihood solution. The least squares solution magnifies the
effect of large errors and if the errot distribution contains many outliers, the l1
norm solution as described by Gill, Murray and Wright [1981] and implemented by
Duckworth [19871 is an attractive alternative. Although the I solution is more
robust in terms of outliers, these errors continue to affect the solution, and an
alternative approach is to remove the source of the large errors.

The navigation problem discussed here has been implemented in terms of
the least squares method. The transponder net was localized separately to allow
accurate real-time array navigation. The FLIP travel time measurements used for the
transponder localization are very consistent ard possess no large errors having
been selected and verified by hand. Apriori knowledge of array mcasurement
errors did not justify deviation from the assumed normal distribution. In the
remainder of this section, a general description of the least squares formulation is
followed by the specific details of implementation for the array navigation problem.
The effect of specific types of errors are simulated and results are presented.

2.4.1. Least Squares Formulation

The FLIP, array and transponder positions were estimated by a nonlinear
least squares method. The problem is to find the set of model parameters (spatial
positions), given a set of measurements (travel times) plus noise. The least squares
estimator identifies a realistic set of parameters by minimizing the sum ot the
squared errors, with an error defined by the difference between the model estimate
and the measurement. For the set of measured data xk (travel times), and the set of
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parameters

aj (spatial positions) which determine the model estimate , k(aj; j=I,N) (referred to
as i or ,k ), the least squares formulation is written as

minimize {F( m Xk - TFR a J r N' , - [ X - li]TR-I[x - i1 (2.1)
a RN k=i

where the measurement errors are uncorielated with identical variances 0-2 and R is
CT21. The error function F(R; a) (designated as F), is minimized when the gradient g
of F with respect to the model parameters is ze,

o F -[x ,]~ia
_F -2[x - -rR-1 0. (2.2)
i)a Oa

In general, a closed formed (one step) least squares solution exists provided
the set of equations is linear. For the array navigation problem however, the
nonlinear mapping from measurement space to parameter space necessitates an
iterative implementation. One such implementation is to approximate the smooth
nonlinear functions described by F with a linear form of the Taylor's series
expansion about an initial position a,. In the immediate neighborhood of a,.

F(f;a + hp) = F(i;a,) + >hpjJa-- la,

where h is a scalar, and p, is a direction vector guiding the search for a minimum.
In terms of the iteration step the notation may be written:

Fn+l = Fn + hngTpn (2.3)

where gn is the gradient of F at ,n. An acceptable minimum for F is obtained by
calculating the estimate f from an initial "best guess" for the parameters a,, then
developing a prescription which improves this initial guess, updating the
parameters until specified convergence criteria are satisfied. A typical prescription
to search for this minimum is to calculate i from a,, Fn from ;n and xn, and
complete the following steps:

(1) Compute a vector, Pn, whii, is t. ,-ari UiiAiCi.

(2) Compute a scalar step length, 17.

(3) Update the estimate of the parameters. Set
a,,, --a, + hp, n ,- n + 1.

(4) Test for convergence. Calculate the forward problem, which
determines current estimates k. of the measurements x from
current estimates of the parameters a,. Evaluate F, and F,-, with
respect to the convergence criteria. If the conditions for
convergence are satisfied, the current value of a, is considered
the solution; if not, iterate by returning to step 1.

To implement thi, prescription, the choice of convergence criteria, search
direction and step length must be considered: particular choices relating to array
navigation will be specified in the following section. In an optimization problem,
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the value at the minimum is generally not known and convergence criteria must be
developed to bound the number of iterations while insuring that the resulting
solution is sufficiently close to the real minim m. Specific criteria are defined Ihy
evaluating the magnitude of the gradienrt, the magnitude of the squared error, and
the relative decrease in squared error with respect to ac(eptathle toleran t(f ,,, as
follows:

0 i G <

number of iterations > -
'4

Combinations of the above criteria determine convergence. The rate of
convergence depends on the specific minimization algorithm, th, initial estimates,
and the error surface. The resulting minimum point could be either global or local.
In general there are no sure methods for finding global minima, so the accura y of
the initial guess is important.

Consider the iterative step in the direction of search p. In the utnivariate
case, the only possible directions are positive or negative. As the uLtuLber of
dimensions increases, even to two, the nUmber of possible directions is infinite.
Search direction procedures are typically direct search methods or gradient search
methods with the constraint that p be a descent direction. Iterative search
procedures having the general form of ILt. (2.3) lend themselves easily to gradient
search methods. To define the gradient search, if g, is non-zero, there must exist a
vector p, such that gnp, < 0. If p, is defined as -g, and the gradient is nonzero,
this direction is clearly a descent direction; the algorithm is recogniiized as the
steepest descent method. It follows from Eq. (2.3) that for any small positive step
size i, F,,+ < F,. Since p, is in the direction of decreasing F, (onvergence is
guaranteed provided h, is chosen so that F is "sufficiently decreased" at each
iteration. To be appropriate, h,, must be small enough to locate the mnim
precisely and satisfy the immediate neighborhood constraint of Eq. 2.3 , and at the
same time large enough to search efficiently. The existenice of guaranteed
convergence of the algorithm does not imply that convergence will lie achieved in
an acceptable nutber of iteration-3. A w rnition method used to def ine h1 is to
follow the steepest descent gradient for the current iteration to a mitliniut. lhis
dictates that the next search direclion be niearly orthogonal to tile cutrre lit dire(ti(n
gTp,+ -,0. It has been shown that the directions generated by this method
asymptotically converge to only two directions for manlily )r(1dleils [Sorelioii.
19801, increasing the nLinber of iterations imnensely. hllis sitationl may he
avoided by constraining tile step size to be less than that required to rea ch tlie
minimum in the current search ditecti on. Although the rate of conlitVgcnce of the
steepest descent algorithm is known to be less than other methods [Gill eta!. 198 1,
the method is numerically stable and prodhuces efficient results for the navigation
problem considered here.
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2.4.2. Implementation
We discuss implementation of the general nonlinear least squares method

described above for the transponder and array navigation. The ingredients
required for a least squares problem are: (1) the measurements x, travel time
detected at the array and at FLIP, (2) the initial estimates of the model parameters a
represented by FLIP, array and transponder xyz positions, (3) the mapping function
from measurement space to parameter space which calculates the estimates 9 from
the parameters, and (4) the measurement errors o. Although the general
prescription is the same for the transponder localization and for the FLIP/array
localization, there are differences in the implementation. In the following, the
explicit inputs and implementation of the transponder localization are specified
and the differences relating to FLIP and the array are discussed separately.

Transponder Localization: The two-way travel times between FLIP and the
transponders were used for transponder xy position estimation. Normally data
from an extensive surface ship survey would be available for localizing the
transponders [Spiess, 1985; Smith et al, 1975]. Although such a survey was
conducted during the experiment, the data were not complete due to extreme noise
levels of the surface ship; instead the data recorded by the FLIP navigation system
was used. The FLIP data set defines a survey configuration which is not optimal,
however, the extended time series and low errors of the FLIP measurements
increase their reliability over the other available data sets. The unconventional
geometry of these measurements imparts a rotational symmetry to the problem, as
FLIP was moored in the center of a roughly equilateral triangle defined by the
transponder positions. This physical constraint limits the amount of independent
xy information which is contained in the measurements and tends to destabilize the
problem. Our results were achieved by choosing well-constrained initial estimates
of the xyz positions described below, by fixing the z component during the xy
iteration, and by perturbing the FLIP positions independently of the transponder
positions. In terms of Eq. (2.1) and (2.2), the model parameters aj, j = 1, N, are the x
and y positions of the FLIP transceiver and the three bottom transponders; these x
and y positions define the horizontal projection of the slant range from a specified
transponder to FLIP which is designated as Xk, k = 1, M. The measured travel times
are converted to horizontal projections designated Xk, k = 1, N1, using the sound
speed profile and the fixed z components as shown below. The number of
horizontal projections, M, is 3 for the FLIP perturbations and 424 for the
transponder perturbations.

The conversion from the time domain to the space domain is dependent on
the sound speed profile between the specified depths. Assuming a constant sound
speed and therefore a straight line path, and expanding the xk's for illustrative
purposes, the measured travel time is related to the xyz position as:

measured travel time I [ slant range ]
c

slant range - [ (.,t - x,) 2  i (v y,)-' (zt-- z,) 2 1:

horizontal projections - [(slant range) - (z) ] 
-] [(xe - x,): 4 (Y, - Y'r) 21

where c is the sound speed, xt, yt z, represent the transmitter position and xr, y', zr
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Figure 2.3 Array navigation receivers and sound speed profiles. The array was deployed atthree nominal depths during the September 1987 experiment. The sound speed profile is usedin the conversion from travel times to spatial position. This profile was calculated from CUD
data (0 - 4900 m depth), and is shown with three profiles calculated from XBT data (0 - 700 mdepth) chosen to illustrate the variation in sound speed in the upper ocean layer. The 12 arraysections are each 75 m in length, with 10 receiving hydrophones spaced at equal increments.
The navigation hydrophones are located adjacent to array section pre- ;ure cases. The data
from one receiver per array section (H5) was recorded during the experiment.
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represent the receiver position. Sound speed is not constant in the ocean
environment and a varying sound speed profile refracts acoustic energy, however
under certain conditions the harmonic mean, defined below, may be used with
minimal error. To estimate the travel time differences due to refraction effects, the
configuration parameters of the September experiment were specified and
employed as inputs to the Generic Sonar Model (GSM) [Weinberg, 1985]. The GSM
used generalized ray theory to calculate the ray path and travel time between a
transmitter-receiver pair by assuming a sound speed profile with :ayers of constant
gradient. The simulation results are presented in Table 2.1 which shows the travel
time between an estimated transponder position and the array fcr a 12 KHz signal
as a function of range, depth and sound speed profile. The first column represents
the results generated by assuming a constant sound speed of 1500 m/s throughout
the water column. The second column used the harmonic mean, calculated by
numerical integration of the layered sound speed profile over depth to estimate
travel time which is then converted to speed,

(zT - z 0 )
zo dz

T C(z)

The C(z) profile used in the equation above is shown in Figure 2.3 and was
calculated using the Unesco equations [Fofonoff and Millard, 1983] relating
conductivity to practical salinity, sound speed to salinity, temperature and pressure,
and pressure to depth. The conductivity, temperature and pressure measurements
were obtained from a surface ship on Julian day 267 at 2243 GMT within one
nautical mile of the FLIP location. Sound speed profiles in the ocean are typically
very stable below the thermocline over the time period of the sea test. The
diversity in temperature at the surface however imparts temporal variations in the
sound speed profile.

Travel time vs. sound speed, depth and range: Source depth- 4573m, Frequency - 12KHz
Horizontal Receiver GSM Travel Time predictions using:

Range Depth Constant historic harmonic deep ctd
profile (1500m/s) profile I e- n

meters meters seconds
2000 90 3.2724 3.2740 3.2733 3.2733
2600 3.4546 3.4563 3.4556 3.4555
2000 400 3.0848 3.0839 3.0834 3.0833
2600 3.2774 3.2765 3.2759 3.2758
3000 - 3.4243 3.4241
5000 4.3387 4.3382

10000 7.2181 7.2152
2600 1600 2.6325 2.6184 2.6175 2.6174
2600 2800 .1.0972 1.0726 1.0717 1.0716

Table 2.1. Sound speed impact on travel time predictions.

Temperature measurements were acquired from expendable bathythermograph
(XBT) casts deployed from FLIP twice a day tLhoughout the experiment.
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Temperature data were converted to sound speed and decimated to initain
consistency with program inputs. This conversion utilized historical salinity data
[Churgin and Halminski, 19741 and was implemented by means of the following
equation [Clay and Medwin, 1977:

c = 1449.2 + 4.6T - 0.055T 2 + 0.00029T 3 + (1.34 - 0.10T)(S - 35) 0 016z

where c = sound speed (m/s), T = temperature ( 'C), S - salinity (ppt), i = depth
(m). The maximum difference in the harmonic mean due to time variation in "mrface
temperatures was about 1.5 m/s (0.1% of the mean speed). This affects the
predicted travel time from a transponder to a receiver at 90 m by aboLt 3 ms (5 rn).
An error in the sound speed correction of the measurements, translates into a
larger array element RMS error but does not substantially affect the estimated
position due to the nearly equilateral triangle system configuration. Lie to
possible inaccuracies in the absolute XBT measurements, and the robust n.ture of
the system configuration to errors in sound speed, the profile was conrsidered
constant over time and equal to the CTD calculations. The third column in Table 2.1
incorporates refraction effects due to changes in the sound speed profile C(z)
described above. The predictions generated by the GSM indicate that for the
geometrical configuration of the September experiment shown in Figure 2.4. the
error in travel time by assuming a straight line path with a constant averaile sound
speed is 0.1 ms, therefore using the harmonic mean of the sound speed profile
produces minimal error for the parameters of this experiment.

GPS satellite positions at FLIP and the surface ship during transponder
deployment provided the initial estimates of the transponder xy positions to within
10's of meters. The clement weather which prevailed during the deployment and
the negative buoyancy of the transponders (sink rate of z1 m/s) constrain the final
transponder positions. Initial transponder depths were estimated by subtracting
the transponder anchor line length from the echo-sounding depth measu red at FLIP.
The assumption that the sea floor is flat In the Immediate area of FLIP was
corroborated by bottom mounted Swallow floats deployed approximately two
nautical miles from FLIP. Preliminary Swallow float depth estimates were within 15
m of the depth measured at FLIP [Hodgkiss and D'Spain, 19881.

Once the ingredients for the least squares method have been accumulated,
the xy positions are adjusted until the root mean squared (RMS) error satisfies the
convergence criteria. This is accomplished in several steps by first naintaining
constant transponder positions and perturbing the FLIP positions to minimize
errors, then holding the current FLIP positions constant while plert u blig the
transponder positions to minimize errors, then examining the mean sqluarcd elror
of each FLIP position to determine (via a user parameter) whether i. h lwtdd he
preserved as a viable contributor, Fnd finally repeating the entire procedure until
the convergence criteria are satisfied. The perturbation adjustment is calculated
with p as the negative gradient. The step size is a constant (1.5) unless tie RMS
error is less than 1 m at which time the step size begins to decrease: as the
minimum is approached, the step size is calculated as a function of the percent
change in iterated RMS error. The convergence criteria are defined as fellows an
absolute RMS error less than 0.15 m, a 0.15 percent change in the iterated RMS
error, or a maximum of 30 iterations. A typical number of loop iterations for
cenvergence of the September data set was 3 for each inner loop and 3 for the
entire procedure, the repetition factor depending on the user paramneteis. A
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detailed description of the software implementation and its usage is documented
[Sotirin and Hodgkiss, 19891.

The transponder depths were iterated manually by minimizing the
magnitude and dispersion of RMS error across the array. Increasing RMS errors
across the array was shown by the simulations in the following section to be an
indication of potential transponder depth error. The FLIP data base used to
navigate the transponders was sampled during tidal peaks to discern whether there
was any transponder movement due to tidal forces. No appreciable difference was
observed and transponder movement is assumed to be negligible.

FLIP and Array Element Localization: The localization procedure for FLIP
and the array is essentially the same as just described for the transponders. With
the transponder positions known, the FLIP and array element navigation may be
calculated in real time.

The inlitial xy positions for FLIP and the array elements were estimated from
GPS positions after FLIP was moored (Julian day 255). Because FLIP's position was
maintained by a 3-point moor, the same initial xy position was used for each FLIP
position throughout the test. If the initial xy position must be estimated without
GPS or if the receiver is not moored, a geometric estimate may be obtained from the
transponder slant ranges. The depths of the array elements were measured to
within 1.5 m by the high frequency transmitter mounted on the bottom of FLIP. The
12 KHz signal was received by each navigation receiver without exception, however,
there were indications of slight interference in the variability of the arrival time of
the resulting correlated output. The array was deployed under 420 kg of tension to
maintain verticality and constrain the depth parameter. A 1.5 m error in array
depth, because this input is a fixed parameter in an equilateral configuration,
translates into less than 0.5 m of error in the xy positions of the array but changes
the RMS error by as much as 2.5 m.

The noise in the travel times measured at the array is greater than the noise
in the hand-picked data measured at FLIP. To improve the data quality, various
averaging, thresholding and interpolation schemes were incorporated in the
processing software. Should a receiver not detect a return, or if the detected return
is not within specified thresholds for range and depth variability, various
interpolation/extrapolation software options may be specified. Prior to the least
squares iterations, the data may be smoothed with a running average filter. The
travel time measured at the array represents the time from FLIP to the transponder
to the array. Therefore, the travel time measured at FLIP is interpolated and
subtracted from the array travel time to provide the transponder to array travel
time required by the least squares procedure.

2.4.3. Simulations

Simulations were conducted to examine the array position sensitivity to
errors in the transponder and FLIP positions. The spatial configuration shown in
Figure 2.4 simulates the September sea test; FLIP is centrally located in the
transponder network (identified by colors) and the array is directly under FLIP. The
transponders, FLIP, and the array are initially assigned to known positions with
slant ranges as shown. Individual transponder positions were perturbed and the
resulting array shape and relative errors were examined. These tests were
conducted first with the array in a vertical orientation, that is the array element xy
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Figure 2.4 Spatial configuration for navigation during the September 1987 sea tesL The es-
timated positions of FLIP and the 3 bottom transponders (red, green, blue) measured hourly
over 18 days are shown in plan view. The FLIP mooring lines are represented by arrows, and
the slant range (s) and horizontal projection of the slant range (h) are indicated in meters from
an arbitrary FLIP xy position (2400,3200). Transponder baseline distances are indicated in
meters.
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positions were identical to those of FLIP, and then with the array straight but tilted
2' vertically at 225' azimuth. Zero mean gaussian random errors (02 = 3) were
added to the array travel times with no appreciable changes. The final simulation
configuration perturbed the FLIP position. Because the array measures travel times
of rays which originate at FLIP, errors in the FLIP parameters map into array
positional errors.

The simulations provide an understanding not only of the error magnitudes
but also of their dispersion across the array. With a +25 m perturbation in the x or
y transponder positions, the effect on the initially vertical array is a horizontal
translation in the direction of the transponder with no relative array positional
errors. If an error is introduced in the z transponder position, the array is
translated and tilted. Figure 2.5a shows the effect on the array as the blue
transponder is perturbed by 100 m errors individually in x, y and z and finally
simultaneous 100 m errors in x, y and z. Figure 2.5b shows the effect of
transponder depth errors. Each transponder depth was increased and decreased
individually by 10 m and 25 m. The dot in the center of the figure is the navigated
array position with no input errors; with a decrease in transponder depth, the input
slant range appears to be too long and the array is translated in a direction away
from the transponder (notated by o's on the plot) and tilted slightly. An increase in
transponder depth operates similarly except in a direction toward the transponder
(notated by x's on the plot). The results of the simulations for the positive
perturbations with an initially straight vertical array are compiled in Table 2.2. The
columns indicate which parameter has been perturbed and the amount of the
perturbation, the translation and percent change in horizontal range calculated for
the FLIP position, system tilt and position RMS error (VF in Eq. 2.1). The RMS error
is shown as a single number if the difference in error across the array was less than
0.1 m; when two numbers are shown, they indicate the error at FLIP and the bottom
element of the array. By examining the FLIP translation and RMS error for the x and
y perturbations in Table 2.2, it is clear that the x position is controlled by the red
and blue transponders and the y position is controlled by the green and blue
transponders (Figure 2.4). The difference in RMS error between the 3 transponders
reflects the percent deviation from original slant range. The dispersion in RNIS
error was used to iterate the transponder depth. This can be seen, for example, in
the results of the red depth perturbation which yields an RMS error at FLIP of 18.13
m, monotonically decreasing to 13.48 m at the bottom of the array. The array and
FLIP positions are more sensitive to errors in transponder depth (60 to 70% of
perturbation) than to errors in transponder horizontal (xy) position (<35% of
perturbation). To demonstrate this sensitivity dichotomy, with FLIP at a known
position x,y from a transponder, the FLIP translation T, due to an error , in
transponder depth and the translation Ty due to errors byand6y in transponder xy
position are:

T , h - s sin(cos-'((d+ z)/s))

Fy= Ih - [(x - x) 2 + (y - ,y)?] 2

where h and s are the horizontal and slant ranges respectively (Figure 2.4), d is the
difference in depth between the base of FLIP and the transponder, x is the
component of h in the , direction and y is the component of h in the ) direction.
FLIP is constrained by the experimental configuration to move approximately along
the line defined by the horizontal projection of the slant range between the
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Figure 2.5 Error simulation results. The effect of errors in the transponder positions on the
shape and position of FLIP and the array are shown in plan view. (a) Effect on the array as
the blue transponder is perturbed by 100 m errors individually in x, y and z and simultaneous
100 m errors in x, y and z. The errors in transponder x and y positions translate the array, er-
rors in transponder depth translate and tilt the array. (b) Detailed demonstration of the effect
of transponder depth errors. Each transponder depth was increased and decreased individually
by 10 m and 25 m. The dot in the center of the figure is the navigated array position with no
input errors; with a decrease in transponder depth, the array is translated in a direction away
from the transponder (notated by o's on the plot) and tilted slightly. An increase in tran-
sponder depth moves the array in the opposite direction (x's on the plot).
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perturbed transponder position and FLIP (Figure 2.5). To quantify these
translational errors, a hZ of +25 In in the red transponder depth resulted in a 58 in
FLIP xy position translation, and a 6, of +25 m in the red transponder x position
resulted in a FLIP xy position translation of only 22 m, illustrating that FLIP position
is more sensitive to trrors in transponder depth than to errors in transponder xy
position.

An error in transponder position, when the array is tilted, will distort the
vertical and azimuthal array orientation as well as impart a horizontal translation.
A , ,' d array will chow a llor!zont, l transla'ticn +-. the initially s.-ight
array but with azimuthal and vert'cal rotations. The vertical angular change is
similar to that of the straight array fo., depth perturbations and small but noticeable
for horizontal perturbations. The azimuthal angular change is larger, for both
horizontal perturbations (0.3 ° tilt) and depth perturbations (14' tilt).

An error in a FLIP slant range also translates into an array positional error.
An error which increases the slant range moves FLIP away from the transponder and
the array closer. It also induces a tilt in the array making the bottom closer to the
no-error position than the top, with a corresponding decrease in RMS error from the
top to bottom of the array. Table 2.2 shows the results of the simulation for +25 m
errors in the three transponder slant ranges to FLIP. A transponder slant range
error 6, before iteration creates a translation error:

where h and s are defined above. An error , of +25 m in the red transponder slant
range yields a translation error T, of 62.3 m prior to iteration.

These simulations quantify the mapping from slant ranges to xy positions.
The adjustment direction is dictated by the measurement direction (horizontal
range direction) not the model parameters (xy directions) nor the error direction.
The positions of FLIP and the array are more sensitive to errors in transponder
depth and FLIP slant range than to errors in transponder horizontal position. This
sensitivity is attriouted to the constraint of fixed array depth (negligible
measurement errors) necessitating an assignment of the error to the horizontal
projection. These errors are magnified and dispersed across the array. It was this
dispersion which was used as a criteria for convergence during the transponder
depth iteration.

2.5. DATA ANALYSIS
The motions of FLIP and the array are analyzed to determine the navigation

accuracy, the extent of movement and possible forcing functions driving the
system. The data consisted of the GPS satellite positions acquired at FLIP,
estimated FLIP positions spanning a period of 18 clays with one hour samples, and
estimated array element positions at a nominal depth of 850 m spanning a 24 hour
period. The GPS positions acquired aboard FIIP provide an independent
verification of the estimated FLIP positions derived using the least squares method
(Figure 2.6). The GPS positions in latitude and longitude were converted to meters
from the least squares origin by calculating the local radius of the earth as follows
[Stacey, 19761:
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Perturbation % change Tarray tit Tanslatin RMS % of
in horizontal from iit:al error original

range projection I position p-rturbation
meters _±....degrees rneters mneters

FLIP and Array Position with Lrrors in ransponder Positions:
Red X+25 0.7780 0.000 15.802 7.11 28.4
Grn 0.3095
Blu 0.2940 -

Red 0.0640 0.000 1.4 8 0.78 i 3.1
r',- +?11 o oir, '

Blu 0.00119 _ _ _

Red 0.3333 0.000 14.161 6.45 25.8
Grn 0.2832
Blu X+25 -0.5463
Red Y+25 0.36c-,3 0.000 7.540 3.83 15.3
Grn 0.178s
Blu 0.198 Isis
Red -0.3880 0n00 15.8-9 8.73 34.9
Grn Y+25 0.6630
Blu -0.3567
Red 0.2627 0.000 11.149 5.01 20.0
Grn 0.2223
Blu Y+25 -0.4304

Red Z+25 -1.816- 0.483 37.199 18.13, 13.48 72.5, 53.9
Grn 0.7907
Blu 0.6567
Red 0.8112 0.375 29.320 16.63, 12.39 66.5, 49.6
Grn Z+25 -1.2156
Blu 0.6022
Red 0.7076 0.382 30.631 14.46. 10.76 57.8,43.0
Grn 0.6311 
Blu Z+25 -1.1915

FLIP and Array Positions with Errors in FLIP Slant Ranges:
Red +25 2.0453 0.424 41.936 119.04. 15.73 76.2. 62.9
Grn -0.8346
Blu -0.7543 _

Red -0.845 0.315 i 33.396 18.28, 15.20 73.1. 60.8
Grn +25 1.3848

Blu -0.7236
Red -0.7432 0.315 34.034 16.08, 13.51 64.3. 54.0
Red -0.7432 0.315 i 34.034 16.08, 13.51 64.3. 54.0
Grn -0.7054
Blu +25 1.3250 ___

Table 2.2 Navigation error simulations.

x= r (at) , y P = P cos(Iat) 5(tong)

p= 0 (1 - f sin 2(lit) f = a c

where x is the E-W distance, y is the N-S distance, rp is the earth's radius at the
position latitude, ,(Iat) is the difference in latitude between the position and the
origin, S(long) is the difference in longitude, lat is the latitude of the position, a is
the earth's equatoril radius and c is the earth's polar radius. The observed 10 m
RMS deviation between the GUS and na%,igated FLIP positions is reassuring. FLIP
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Figure 2.6 Comparison of GPS satellite and acoustic navigation. FLIP GPS positions are
compared to those estimated by the least squares navigation. The large symbols represent the
GPS positions while the corresponding small symbols represent the estimated FLIP positions.
A bias correction, attributed to drift of the transponders during deployment, of 24.5 m was ad-
ded to the NS estimated positions and 1.2 m to the EW estimated positions. The RMS differ-
ence between GPS and acoustic navigation positions is approximately 10 m.
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Figure 2.7 Error distributions. The error distributions shown for (a) FLUP and (b) array navi-
gation receiver #8 are independent as illustrated by a runs test and gaussian at a 0.05 level of
significance. The high transponder errors shown in the 6 m bin of (b) are due to transponder
detection of multipath propagation.
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Figure 2.10 Array position time series. The eedtmated positions for the array section 8 navi-
gation receiver are plotted relative their the median value. In (a) data increases toward the E,
and in (b) toward the N. The low frequency oscillations are caused by tidal forces, and the
higher frequency oscillations are caused by the internal waves or surface motion. The area
identified by a box in (a) anLd (b) is expanded in (c) and (d) to illustrate this high frequency
motion.
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positional errors are independent and distributed normally at a x2 0.05 level of
significance with zero mean and a standard deviation of 1.1 m. Array positional
errors may deviate from a normal distribution depending on the nature of the
transponder and receiver errors, however considering a rec:eiver with low errors, a
gaussian distribution of 2.9 m mean and 0.81 i standard deviation may be
compared at a 0.05 level of significance. Receiver detection threshold mismatch,
tuned filter cldrft, sound speed errors and errors in the FLIP position, as described
earlier contribute to the mean. FLIP and array error distributions are shown in
Figure 2.7.

The motion of FI.IP (Figure 2.8) iz primarily controlled by the local wind
field, the tides and tile tension on the mooring lines. The low frequency movement
of FLIP is driven by the local wind, primarily from the north during the entire
experiment. The wind speed has a high negative correlation with FLIP N-S positions
and to a lesser correlation with FLIP -W positions. At 350 N latitude the tidal cycle
is sen.idiurnal and appeocs as a promir,nt component in the FLIP time series. Thc
tidal component 1i, the -W displacement lags 2 Ihours beiiild the N-S componen;
produc1ig a clockwise rotation. This rotation is also sek n in the calculated tidal
velocity ellipse (Figure 2.9) which lag the displacement by 90'. The tidal velocity
ellipse, which includes contributions from both the barotropic and baroclinic
modes, is comparable to simultaneous estimates of tile current field recorded by
current meters deployed at 50 m and 100 i below the water surface from FLIP.
Although the current meter measurenitents are relative to [LIP, the tidal componei
is four times as strong as the constrained FLIP component and leads in phase duo
to FLIP's massive structure and the mooring line constraints.

The motion of the array (Figure 2.10) is controlled by the tides, the motion
of FLIP, and possibly by internal waves or higher frequency surface motion that is
unresolved rj the FLIP data set. The longest period movement of the array was on
the order of days and was driven by FLIP's response to the wind. This is inferred
by the fact that the top array position was normally within a 30 mu horizontal slant
range of FLIP which traveled over 300 in during the 18 days (within 20 m in Figure
2.12). The tidai cycle is evident as a 12 hour oscillation in the 24 hour time series
and as the 0.083 cycles/hour peak in the spectrum (Figur, 2.11).

Higher freauency array oscillations appear in the expanded time series in
Figure 2.10 c) and d), but are not stationary over the 24 hours and all but disappear
from the spectruni during the averaging process. Although Wie sample to sample
motion of the array is on the same order as the errors, the errors are independent
and gaussian, therefore, we believe the fluctuations whch occur with periods from
15 or 20 minutes to 2 hours are due to array motion. Modeling the array as a
,imple pendulum where the center of mass is derived from four component parts
(uplink w ir', array, kevlar arid weights), tie natural period of oscillation is just ovcr
one Minute. 'the damped natural peirio I for a velocity of 5 cm/s is seven minutes
with a damping coeffic:enit of slightl less tihan critical. Therefore, the high
frequenIcy motions must le due to eiivirminiental forcing functions. We believe it to
be a combination of two processes: the coupling of the array to the surface anOI the
array response to low order modes of the internal wave field. The motions whose
periods arv from tens of minilutes to re 1-ivlours (Visihi frequency in the N Pacific
is about 20 miuUtes Near the surface) and whose horizontal velocities of 1-2 ci/s
aie 'easonal,' lot a constrained iltc1i il wave response [Garrett viid Mlunk, 197f]
whe:e tli(lly loritontal (tllllts 7 ate al'ot 5 (ma/s amnd hriizontal Current sPeC tl-a
i, di"ii d by ml lower coder miodce> lilikel, 10891. Thie motion sIpctruni (les,
not .iio\% (i P cik <it tie l), almemmil lre(IeiiC(V [Munk. 19811 nor an <.", energy
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Figure 2.11 Spectrum of array motion. For receiver (a) (-position and (b) y-position, the
smooth curve is an averaged 1024-pt spectrum of 1S, 50% overlapped, Kaiser-Besscl win-
dowed (oc=-2.5) 128 point time scries plotted an a relative scale. A single spectrum was com-
puted similarly over the entire time series and plotted on the same relative scale with 0.039
cycles/hour resolution for more accurate identification of the narrowband spectral com-
ponents.
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dependency [Hu and Niiler, 1987] between the inertial frequency (0.048
cycles/hours) and the Visiii frequency common in internal wave energy spectra.
This characteristic shape is apparently filled in by the coupled response to surface
generated motions.

The array shape during the first hour plotted in Figure 2.10 c) and d) is
illustrated in Figure 2.12. The array is nearly straight much of the time with a
maximum deviation of less than 5 m across the 900 Ii aperture. The horizontal
deformation in the figure has been exaggerated for clarity, extending 50 m in the
horizontal compared to 1600 m in the vertical. It is apparent that the array exhibits
a more active response (presumably due to internal waves) than FLIP by examining
the extent of FLIP motion compared to that of the array during the same time
period. The array moves over four times the EW distance covered by FLIP during
the hour plotted in Figure 2.12.

2.6. CONCLUSIONS

The least squares method was implemented to convert measured travel time
data to spatial positions for FLIP and a 900 m vertical array by assuming a harmonic
sound speed and normally distributed errors. Navigated FLIP positions (mean = 0.5
m, a = 1.1 m ) agree with positions obtained from GPS satellite navigation to withil
an RMS error of 10 m. A mean error as small as 2 m with a standard deviation of
0.8 m was obtained for array element position, however each receiver displayed a
unique error distribution presumably due to variations in the array detectors.
Array positions were found to be particularly sensitive to errors in FLIP position
and transponder depth. This was demonstrated by simulation to be a result of the
optimization constraints. Iteration of array depths and incorporation of a more
accurate sound speed correction has shown promising preliminary results by
reducing the mean RMS array element error to less than one meter, while leaving
the estimated positions within 0.2 meters of the positions presented here. The
navigated positions are tied to an absolute frame of reference using transponder
GPS locations and the absolute positions are substantiated by the GPS positions at
FLIP and the high negative correlation between FLIP's N-S component and the wind
speed. FLIP's position was driven by the w!bids and tides bui was constrained to
approximately a 300 m range by a 3-point mooring. The array position was driven
by tidal motions at a semi-diurnal period and apparently by internal waves and
coupled surface wave motion at higher frequencies. Array high frequency motions
were up to a factor of four larger than FLIP motions atthough the array normally
maintained a vertical orientation to within a tilt angle of 2 degrees and remained
within a 30 m range of FLIP.
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Chapter 3

ON ARRAY PERFORMANCE: A METHODOLOGY OF
SYSTEM CALIBRATION AND NOISE IDENTIFICATION

3.1. ABSTRACT

The assumption that acoustic array measurements are a true reflection of
the oceanic noise field can lead to misinterpretation of the data collected.
Characterization of the array self noise levels and knowledge of individual element
amplitude and phase responses are required to assess the results with confidence.
In recent years emphasis on low frequencies and high resolution has led to the
development of large aperture arrays with many elements. Establishing individual
element calibrations and system noise levels of these arrays is not easily achieved
in the laboratory environment due to facility and time constraints. Therefore, a
series of tests are suggested to assist in the identification of system noise sources
in such an array using a combination of oceanic ambient noise measurements and
limited laboratory measurements. An in-situ element calibration is also discussed
which compares magnitude estimates from two independent methods and generates
a phase error curve. These methods are somewhat limited by incomplete
knowledge of the environmental parameters and the statistical nature of ambient
noise. Results are demonstrated using data collected by a large aperture vertical
array deployed from the research platform FLIP in the NE Pacific.

3.2. INTRODUCTION

Acoustic arrays are commnonly used to study mny w'pet.ts of the ocean
environment such as propagation effects, background noise, deep scattering layers,
internal wave fields, and bottom characteristics to name a few. Interpretation of the
data collected by such arrays must be viewed in terms of the array characteristics.
All to often however, for data processing expediency, the characteristics of the
array are assumed to be inconsequential and the effects of the instrumentation are
not considered. This unrealistic attitude may lead to unsubstantiated conclusions.

The theoretical effect of element failure and random amplitude and phase
errors on array sidelobe level has been examined by other investigators [Ramsdale
and liowerton, 1980; Quazi and Nuttall, 1979; Quazi, 1982; Nuttall, 1979] and should
there be element failures, algoritlmis for optimal reshading exist [Sherrill and Streit,
1987]. However, techniques for estimating these errors are not typically discussed.

Error sources must be realistically identified in order to separate the
desired signal from the measurye ment. The mneasurement encompasses the
hydrophone input mo(dified] by the cIM n ne i response plus system noise. Our
experience has been that catastrophic element failure occurs seldonly in real
applications and post processing of array data must include criteria to identify
elements with low performance, and evaluate their effect with respect to the
application. The ani)litude meas:'rement of the incoming signal imay be corrupted
by a variety of factors including variable hydrophoile sensitivities, imnaccurate gain

.51



B. J. Sotrin

amplifiers, quantizing errors, saltwater leakage, cable response, cro!,stalk, ground
loops and digital switching noise. The phase measurement of the incoming signal
may be modified by the element location, the phase response of electrical
components and cables, crosstalk, switching noise and timing errors.

The purpose of this paper is to present a methodology for characterizing
large aperture array system noise and estimating channel amplitude and phase
responses using in-situ data. The methods recommended are applied to data
collected by a 900 m, 120 channel acoustic array which was deployed vertically
from the research platform FLIP in the Northeast Pacific during September 1987.
Laboratory tests were minimized because of the large number of channels, the size
of the array and time and facility constraints. Array system noise is characterized
using ambient noise data collected during the experiment and when possible
verified by subsystem laboratory tests. To estimate channel amplitude and phase
errors, ambient noise and a series of narrowband signals transmitted from a known
location with known source level were used.

3.3. SYSTEM DESCRIPTION

Array description with regard to system performance must address the
physical and electrical attributes of the signal path. Utilizing in-situ data places the
individual array elements in an almost constant temperature and pressurc
environment however the response of exposed components to the lower
temperature and higher pressure must be considered. Physical layout of the signal
path must also be considered for potential cross-talk, grounding and noise

.. tain t i... D-sign amplhiu i and phase characteristics for individual filters,
amplifiers, cables, converters, etc. should be recorded. For coherent processing, the
timebase in the array must be accurately calibrated and system delays accounted
for.

The array addressed in this paper was composed of 120 elements separated
physically into 12 hose sections each containing 10 eiements spaced 7.5 meters
apart with the first and last elements being 3.75 meters from either end of a hose.
Tihe sections were terminated at processor pressure cases which contain the
electronics to process the data from the 10 physically closest elements. Therefore,
electrically the elements in a single hose section were associated with two
processors. The data stream originated at the hydrophones. It was amplified,
filtered, converted to a digital signal, reformatted and finally transmitted to the
surface where it was recorded on magnetic tape in real time. A detailed description
of the entire array system is found in ISotirin and Hildebrand, 1988].

One section of the low frequency signal path in the array is shown
schematically in Figure 3.1. The power for the analog components is supplied by 12
individual section switching power supplies whose 5 VDC, 250 ma input is supplied
by the 350 VDC, 4 A high power line running the length of the array. Array
elements consisted of the transducer, preamplifier, anti-aliasing filter and
differential line driver. The transducers were compposed of two Aquadyne AQ-I
hydrophones wired in series to increase the sensitivity to a nominal -197 dB re I
V/piPa each with a 12 nF capacitance at mid ocean depths. The hydrophonc output
is amplified by a very low noise FET with 40 dB of fixed gain and a low frequency
cutoff below 10 Hz. The preamplifier output is filtered by a phase matched, six
pole, low pass filter with a corner frequency of 220 Hz and an in-band gain of 1. A
differential line driver is used to transmit the bandpassed amplified signal to the
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processor, a distance of up to 37.5 meters. Each processor receives signals from 10
elements, 5 from the hose section above and 5 from the hose section below. The
two elements immediately adjacent to a processor are filtered within the processor
pressure case rather than at the element to provide access to the 12 kHz acoustic
information required for navigating the array [Sotirin and lildebrand, 19891. All
array element components are subjected to ambient oceanic pressure.

Within the processor pressure case, the element inputs follow a common
path. Each input is selected sequentially by a differential multiplexer, converted
from differential to single-ended, amplified by a programmable variable gain
amplifier (14 to 60 dB), then captured by a sample-and-hold circuit and converted to
12 bit digital form. In digital form the data is less susceptible to degredation by
component response, noise, cross-talk and ground loops. The digital data integrity
is monitored by several counters and synchronization words which are verified
prior to processing. The timing for each processor is controlled by individual
oscillators which are phase locked to a 1 MHz clock signal running the length of the
array. Digital component delays (typically on the order of ns) are negligible at the
500 Hz (2 ms) data sampling rate. The sequential operation of the multiplexer
imparts a deterministic phase shift of UAnT where u is the frequency, n is the channel
position (defined in Appendix A) and r is the 0.2 ms sample frequency.

3.4. LABORATORY CALIBRATION

Laboratory tests were minimized due to lack of facilities in which an
environmentally controlled system test could be executed and time constraints.
Tests were performed under one atmosphere pressure and room temperature with
no special electrical shielding. Nominal element calibration was conducted during
array construction and the self noise tests were conducted for a 10 element array
subsection. Typically, these tests are completed prior to the experiment to verify
minimum operating conditions. However, during the September 1987 experiment,
strict ti,.:- -r n str-ints delayed completion of the tests until after the experiment.

3.4.1. Nominal Element Calibration

Each element was tested individually as it was constructed and the array
hose section assembled. Within a hose section are the hydrophones, preamplifiers,
filters and line drivers for 10 elements. As these electronics are subjected to
ambient ocean pressures during deployment, the individual components used were
pressure soaked and cycled to 8000 psi prior to fabrication. Typical hydiophone
amplitude, phase and impedance responses were measured with respect to
temperature and pressure [Lastinger, 19821. Before the array is pulled into the
urethane hose section, several tests were conducted to measure tile pass band level,
and -3 dB cutoff frequencies of the filters. Data for this test is presented in
Appendix A. The pass band level was measured at 100 Hz by injecting a sinusoid
electronically at the hydrophone input and monitoring the results at the differential
line driver output. The signal is amplified by 40 dB in the preamplifier and
received differentially, adding an additional 6 dB. The noise in this preamplifier
has been measured to be approximately 30 dB re 1 /iPa at 100 Hz in a shielded
controlled environment. The level recorded is in dB referenced to the signal
injected amplified by 46 dL}, that is, the setup is designed to output a measurement
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Figure 3.2 Power supply spectra, The photo of a spectrum dnalyzer window displays the spec-
tra of (a) the DC-to-DC converter 5 VDC input, (b) the 5 VDC DC-to-DC output, anid (c) the
±15 VDC DC-to-DC output. Narrowband signals other than line frequency harmonics were in-
term ittent.
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of 0.0 dB for this test. All elements exhibit a pass band level at 100 Hz within ± I
dB of the design level except the top element and the bottom element which are
within 1.2 dB.

The high frequency cutoff was designed to accomodate a 500 Hz sampling
frequency. The -3 dB cutoff frequent-y was measured by increasing the frequency
of the signal injected as described above and monitoring the same output. Two
elements in each section are low pass filtered after the signal is received by the
processor to allow detection of the 12 kHz navigation pulses. These elements have
an expected -3 dB cutoff frequency at 15 kHz. The remaining elements roll off at
about 220 Hz. The low frequency cut off is about 5 lHz for all elements.

The operating environment at each individual element during a sea test is
stable in temperature (at 3 C) and pressure. The element components should be
invarient when subjected to this environment. The components most likely to
change would be the capacitors. Preliminary pressure and temperature tests were
conducted during which the capacitors were found to be virtually invariant over a
pressure range of 0 to 6000 psi but capacitance values decreased with temperature.
A decrease in capacitance increases the high frequency cutoff, and increases the
potential for aliasing problems.

3.4.2. Electrical Self Noise Level

Laboratory tests conducted to determine the level of the electronic noise
floor in the array were delayed until after the experiment. These tests consisted of
decoupling the inputs to various stages of the signal path from the array and
changing specific control options to ascertain the origin and amplitude of the array
self noise. No special precautions were taken to insure the noise integrity of the
array in the lab environment, therefore the data was subjected to a variety of
additional noise sources which would not be encountered in an ocean environment.
The narrow band signals apparent in the spectral plots are not stationary and are
normally identified with an outside source such as machinery magnetostriction
components and ship radar [Anderson, 19891.

The tests were conducted using 10 representative array elements. One
array hose section was removed from the urethane tube and the hydrophone inputs
to the preampliciers were replaced by equivalent capacitors (channels 6-15). These
10 channels are addressed by two processors; processor 1 (P1) monitors channels
1-10, processor 2 (P2) monitors channels 11-20. The ±15 volt power leads were
removed from the elements whose phones were still connected (channels 1-5 and
16-20). The tests were conducteI y recording data utiizing the same system setup
as was used at sea [Sotirin an, :dcbrand, 1988]. The plots shown in Figures 3.3
and 3.4 are generated by incoherently averaging 46 FFT's (Kaiser-Bessel window, ,) =
2.5) with 50% overlap which estimates the spectra within a confidence interval of
+1.4 dB to -1.2 dB [Bendat and Piersol, 1971]. Increasing the number of averages to
generate a confidence interval between +0.5 and -0.4 did not appreciably alter any
of the spectra levels or character. The magnitude is normalized to a 1 Hz band and
does not account for the array gain amplification but treats the array signal as a
black box input at the analog-to-digital converter (ADC) to facilitate comparison
between the gain settings. The actual noise levels initiated at the element are
amplified by the fixed gain stage of 46 dB3 and by the variable gain stage whidh is
notated on the individual plots. These levels are on the order of a microvolt
making it extremely difficult to insure abholute repeatability in the tests within the
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lab environment available.

The noise levels at various stages in the analog power circuit and data
stream were measured. The power for the analog circuits must be regulated and
free of harmonic content. In this array, the main array power supply was located
aboard FLIP and each processor case contained two switching DC-to-DC converters,
one at a +5 VDC output and the other at ±15 VDC output. Frequency response for
the input and two outputs are shown in Figure 3.2. The input to the converters has
a significant 120 Hz level (-75.4 dBv/VIHz) which is filtered and appears in the 5
VDC output at a low level (about -112 dBv/VHz), there are other intermittent
narrow band peaks at 55 Hz and 6 Hz. There is also a 60 Hz signal at about -116
dBv/VHz. The noise level in the ±15 volt power supply is quite flat with a 2 dB
increase at 60 Hz to a -124.2 dBv level (Figure 3.2c). These narrow band levels are
quite low and appear only intermittently in the low frequency self noise data.
Contributors to the array self noise were identified by shorting the inputs to or
bypassing stages. The spectra of the array system noise with the input to the
variable gain stawe shorted (see Figure 3.3f) was flat with an 8 or 9 mv variation at
the ±10 volt ADC indicating that no unexpected noise sources were active in this
stage. The 12 bit ADC had a resolution of 4.8828 mv which when normalized over
the system bandwidth of 250 Hz (23.98 dB) corresponds to a -70.2 dB level. There
were two multiplexer modes, the scan on mode which samples each of 10 channels
with a user selectable (5 kHz default) sampling frequency, and the scan off mode
which samples only one channel. The noise contributed by the multiplexer and
sample-and-hold amplifier (SHA) was measured by comparing the levels obtained
with the input to the multiplexer for channel 8 (P1H2) hardwired to the differential
receiver effectively bypassing the multiplexer, to those obtained using the same
channel with the multiplexer operating in he scan off mode and during normal
operation (scan on). Each exhibited the same spectral levels and characteristics
indicating that no additional noise was injected at the multiplexer or SHA.

Although the data signals were driven differentially, there is the possibility
of coupling common mode noise into the relatively low level analog data. The
digital switching noise from the 1 MHz clock signal running the length of tile array
was of high enough level that it was not completely removed by the differential
receivers (common mode rejection ratio of 80 dB). Clock noise is suspected in
Figure 3.3 as spectrum levels tend to increase with wire length in the array (physical
phone position from the processor) by as much as 15 dB. This noise was
substantially decreased by the addition ef a small 0.0 153 lif capacitor at each of the
multiplexer inputs which effectively shorts the inputs of the differential receiver at
frequencies above about 10 kHz, indicating that it is high frequency noise
generated in the array hose. As the variable gain is increased two distinct effects
are noticeble. First, for a specific variable gain increase, the spectral levels are not
amplified by the same amount channel to channel. Second, the relative spectral
level increase in any particular channel does not coincide with the change in
variable gain. Both of these effects could be attributed to high frequency noise
being slew rate limited in the variable gain amplifier, limiting the slew rate would

effectively filter out the l1i gh frequency contelit andl amplify only the low frequency
portion, creating a gain discrepan1cy cMnnel to cIlNMICe and because slew rate
increases as gain increases, in . re of the high freqluenC y noise would be blocked,
lectifying the disciepalies between (hannels as the gain is increased. These
effects are shown in Figur e 3.4 which displays the diffeirice .etween channels 11
and 15 (farthest and closest respectively) anmd the chiannel I 11 output for different
variable gains. Ideally, as the variable gaimi is increased from 34 dB (top) to 54 dB
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Figure 3.3 Common mode switching noise. The 1 MHz clock signal running the length of the
array couples into the low level analog signals. This noise is suspected as the noise levels in-
crease with increasing distance. In the figure, (a) Channel II transmitts 33.75 m, (b) Channel
12 transmitts 26.25 m, (c) Channel 13 transmitts 18.75 m, (d) Channel 14 transmitts 11.25 m,
and (e) Channel 15 transmitts 3.75 m. The final panel (f) shows the array output with the vari-
able gain stage shorted.
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Figure 3.4 Channel gain difference. Slew rate limitation is suspected as a channel gain
discrepancy correlates with transmit distance. The channel transmitting furthest (11) is com-
pared to the closest channel (15). The difference between these channels (a) should ideally be
zero at any gain setting. The variable gain stage was changed from 34 dB to 54 dB in 10 dB in-
crements. The expected change in channel spectra level (b) is 10 dB for each increment howev-
er the actual measured change for channel II is about 5 dB.
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Figure 3.5 System noise coherence. The coupled noise shows a coherent structure across the
array bandwidth. The top panel (a) displays the coherence between the channels at 33.75 m and
at 26.25 m. The bottom panel (b) display the coherence between the cljnnels at 33.75 m and at
3.75 m. Pair-wise coherence plots corroborate this ,1esult.
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Figure 3.7 System noise spectral levels. The coherent noise snectral level is of concern as it
approaches and possibly exceeds the ambient noise level. This level is dependent on the array
gain setting, increasing as the gain decreases. The gain shown here is 34 dB: gain settings dur-
ing the experiment averaged around 40 dB, with 34 dB used only during high wind cornditions.

(bottom), the magnitudes in Figure 3.4a should always be 0 or at least constant,
indicating that both channels are amplifying the signal by the same amount. This is
the case only at a gain setting of 54 dB, wher,, the slew tate filter effect would be
strongest, eliminatinig more of the high frequency noise. The difference between
channels increases as the gain and the slew rate limitations decrease. The sec-)nd
effect is observed by examining the change in magnitude for channel 11 (Figure
3.4h) as the gain increases. Changing the variable gain from 34 to 44 dB should
produce a 10 dB increase in nagnitude rather than the 4-5 dB increase shown for
channel I • although the effect is substantially less, there is an 15-20 reduction in
effective gain in the closest channels as well.

This noise exhibits a coherent struct=1c shown in Figure 3.5 which is
effectively temoved by the line filter capacitors. The high" coherence effect is
limited to only a few channels in the section and does not appear in the
directionality plot 01 Figure 3.6. The heam levels are very consistent with no
su1bstantial increase in the broads i'e heamh which is indIicative of pervasive common
mode noise. The array sell noise levels at a relatively iow array gain are compared
(Figule 3.7) to (ro,[ponlitg mea.,red amlbient nois( at thle same gaiin settings.
The quality of tile high frequoilcy (lita (!'e'nds on the level of the 1t1n)ttling signal,
the array variable gain selling a thle "lani1l Vs1,itiomn. "Ilhe ilIL1t11t ()f degredation
is elu( idated ill tile foll~wlowing sec ti1)ll

6 1



B. J. Sotirin

a) CHANNELS 160 b) CHANNELS 61-120
60 - -- 120

50 __- 110

____ 40z 0

z" -'- ' ' z'- '"- -" 
-,  

" '-- - .,'-'-' 95 _j

z:--,-: --- -,- - -L'- ,

__ __0_ _ 90 Z

"---------"-'-":.20 . 80--____________________2 -- --------------- U --"

LU - 10 u 70

0 1 2 3 4 0 2 4

seconds s conds

Figure 3.8 Time series. Two s'conds of data is shown for 120 channels. Channel I is the deepest chrnel at -u 114) rn m. The
amplitude is referenced to IL0 VDC at the ADC.

3.5. PERFORMANCE INDICATORS

In-situ performance tests require a Knowledge of the aIiwuC t- noise field
used as a signal to enable identification of array system problems. .Jlch te',t shows
a different facet ot array data charactetistics and requires some interpretation.

3.5.1. Time Series

A 4 s time series of either tI-e voltage (Figure 3.8) or po\w,.r (-sponse of
each channel provides insight into the signals received by the array, ide-ntifyiii, bio-
logical disturbances, noise levels, and signal levels. It also insures (lat ill 'ections
of the array are telemetering, and clearly identifies certain types ,l o( urai es such
as dead channels (e.g. 71). insensitive channeis (e.g. 21,100), High I i t-iLiemy ,litlhes
(e.g. 30, 77), saturation due to strum (e.g. 94, 99, 116), and saturta i dle to DC
offsets (e.g. 75). Examination of an impulsive return (ui in tIe expriment
revealed a polarity reversal in some of the channels (indi(atf'( im 'ables A.I and
A.2) which was subsequently corrected and is not shown in the ti ,urcs lresented
here.
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Figure 3.9 Time series and bit distribution. (a) The distribution for 16 s of the array element
time series Is calculated as a histogram with a bin width of 0.1 V. (b) The output of the ADC is
an offset binary representation of the voltage. The array processors convert this to 2's comple-
ment by Inverting the most significant bit. The 2's complement samples are used in the same
process as the bit distribution simulations to generate the results shown here for the same 4096
samples used in the time series distribution.

3.5.2. Time Series Distribution
A hL7tog~am of the time series tiuiwired by each channel indicates the

voltage distribution of the signal being recorded. The distribution was calculated
with 0.1 v bins over 16 s, and shows a Gaussian random process (left half of Figure
3.9). The variance of the distribution increases with gain and low frequency
vibrations as in channel 18. The mean of the distribution corresponds to the DC
offset of the channel (channel 16). The spikey character of channel 20 is an artifact
of the software error discussed below.
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3.5.3. Bit Distribution

The correct operation of the analog to digital converter (ADC) and some
aspects of bit formatting and reformatting are verified by examining the
distribution of each of the channel bits. If the ADC is correctly converting zero
mean Gaussian random signals, the distribution of each bit representing the 2's
complement digital signal should be high half of the time and low half of the time
as the signal variec !z't','cn po-'"v- ;nd negative numbers, shown in Figure 3.10 by
simulation. The simulations were implemented by generating a Gaussian random
signal in volts with a different seed for each panel in Figure 3.10, clipping at ± 10 v
(as the ADC does) and converting it to bit integer format before accumulating the
high bits. The output format of the ADC's in the array was offset binary and the
data was convetted to 2's complement prior to the telemetry link. The conversion
only requires that the most significant bit be complemented so the 2's complement
representation is adequate for this investigation. The zero mean simulated signals
have the expected distribution even in the event of clipping. A DC offset in the
signal appears as a bias of the higher order bits in the distribution; the bias
migrates to less significant bits with a decrease in the variance of the random
signal, and the amplitude of the bias increases with the DC offset. The bit
histogram of 4096 words telemetered by the array is shown in the right half of
Figure 3.9 for S channels. The effect of a low amplitude signal (low variance) and
negative DC offset in channel 16 (-0.81 V) is manifested as an increase in the
occurance of the high order bits. The distribution in Figure 3.10c simulates channel
16. The higher variance in channel 18 decreases the impact of the DC offset
relative to channel 17. These results are corroborated by the time series and time
series distribution data. The least significant 4 bits of the 10th channel (HO) in each
section were contaminated by noise due to an error in the array software such that
the data for HO was logically OR'ed with the least significant four bits of the
previous H8 data. The effect of this noise is shown in the distribution for channel
20. The least significant bits of all ariay channels also display a peculiar
distribution. This is an indication of the switching noise level within the processor
as it couples into the ADC and affects the more sensitive lower order bits (4.88 mv
resolution). The lowest order bit is consistently affected decreasing the effective
resolution of the system.

I ? 3 4- 5- 1 ? ~ I I 3 4 5 7 8 1 f I' lc

Z 
6'? 7 11!
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> ?
C1 b) m=-1; sigO/'-5 d) m=-1; sig-2
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igure 3.10 Bit distribution The 2*s complement samples ar used in a process which records

the number of times each hit is high in a 4(Y)6 sample series minus 2048 For a iero mna g:,m'

san random process., this results in a near ten) ,Jistrihution for ench hit A non- ern mean pro-
cess aff s the mot significant hubt depending on the mean and %!andard deviation as 'en by
the simulations (a) mean = 0., standard deviation (n) - I, (b) mean n-. - 0 5. (c) mean
n- l.(d) mean- 1,o-2
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Figure 3.11 Power spectral density. The spectra were generated by incoherently averaging 15
8192-pt FFT of 50% overlaped. Kaiser-Bessel windowed (cL.2.5) time series. The data se-
quence was 2 minutes in length and the results were plotted as a 16 bin average yeilding a 90%
confidence interval of +0.5/-0.4 dB. The spectra show different facets of the ambient noise in-
cluding (a) a typical array response, (b) local ship noise (low frequency) and a pseudo-random
code transmission (2() Hz), (c) seismic proliler noise, (d, e and P0 the effect of system noise on
the high frcqiency response for channels furthest away (33.75 m) from the processor.

65



B. J. Sotirin

3.5.4. Power Spectral Density

The spectra illustrates a variety of characteristics of the array coupled with
the acoustic noise field. To interpret array system noise, the acoustic noise field
components must first be identified. The array is capable of resolving the
frequency band between 10 and 220 Hz as discussed in Section II. The spectra
shown in Figure .11 represent data taken at 4 different times to illustrate the
variety of sources which contribute to the low frequency domain; within this band
there are two major acoustic ambient noise contributors, ship generated noise and
wind generated noise. A typical acoustic spectrum (Figure 3.1 la) shows a broad
hump due to shipping between 25 and 125 Hz at approximately 75 to 90
dB//IpPa/VHz which rolls off to about 70 dB//pPa//Hz at the wind dominated high
end of the spectrum. Noise due to array mechanical motion (strum) and biological
sources is sometimes seen below 25 Hz. The close passage of a ship imparts tonal
components to the low frequency end of the spectrum (b); a pseudo random coded
signal is noticible at 200 Hz. A seismic profiler operating off the coast of California
appears periodically throughout the data set, degrading the ambient noise
measurements above 100 Hz (c). Ambient noise source identification assists in
selecting data which is not dominated by these processes such that system
problems may be recognized. The 1 MHz clock switching noise discussed in the
previous section is seen in panels d, e and f, where the panel f shows the signal
from the hydrophone furthest away from the processor, and the higher frequency
levels of this channel increase by 5 dB relative to the other channels, indicating that
the system noise is interferring with the ambient noise measurements at the higher
fr2quencies. The system noise is virtually white across tile array frequency band
(Figure 3.7) and the noise levels shown in Figure 3.1If do not affect the
measurements above the 250 Hz level; e.g. channel 20 is capable of measuring
acoustic levels above 76 dB//pPa/VHz. High levels are also seen for the closest
hydrophones which are due to switching noise within the processor pressure case
where the filtering for this signal resides; this noise is reduced with proper
shielding. The line frequency harmonics exist at significant but variable levels and
are discussed at the end of this section.

3.5.5. Channel to Channel Coherence

Coherence is a measure of the similarity of two signals. The data shown in
Figure 3.12a-c is similar to other estimates of the coherence function of ambient
noise [Hodgkiss and Fisher, 1987; Urick, 19831; however in the interest of
characterizing array noise, only significant aspects of the coherence data which
pertain to array system noise are discussed. These are 1) the high coherence of the
line frequency harmonics demonstrating that inspite of the variability in levels, the
signals originate from the same source; 2) the notch near 10 Hz as the array filters
rolloff and the relative self no e increases; 3) the low frequency peaks which are
associated with the array strum and affect the width of the 10 Hz notch which
increases with wind speed; and 4) the degradation of the characteristic shape of the
elements filtered within the pressure case indicating that substantial incoherent
noise is picked up by these channels particularly between 60 and 100 Hz. These
p-irticular channels (5 and 6) were chosen for i! ustration and have substantially
higher noise levels than the other channels filtered within the processor case.
Spatial correlation of isotropic ambient noise is a sinc function [Cron, Hassell and
Keltonic, 19651 where the flrst zero occurs at d/X=0.5 which coicesponds to 100 liz
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Figure 3.12 Channel to channel coherence. The coherence is calculated as the magniLude
squared cross spectra of the specified channels normalized by the single channel spectra. The
results shown in (a), (b) and (c) are typical of vertical ambient noise coherence. The results
shown in (d) and (e) indicate the presence of incoherent noise in the channels filtered within the
processor case (channels 5 and 6).
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on the array coherence plot. Although the true distribution of ambient noise
deviates from the isotropic assump:.on, the low coherence values at higher
frequencies is expected. Therefore the high frequency clock noise discussed above
does not affect the ambient noise coherence because at the frequencies of
significant coherence, this noise level is below than of ambient noise.

3.5.6. Narrowband Spectral Estimate Across Array

The average spectral estimate of a particular frequency across the array may
be used effectively in identifing channels with high noise levels and/or low
sensitivity, providing a coarse relative calibration of the channel amplitudes and
information concerning the extent of degradation in the ambient noise
measurements due to system noise. Figure 3.13 are spectral averages for data
received by each channel at 6 specified frequencies. The magnitudes of spectral
estimates for one bin of width 0.98 iz were averaged (n=2583) over a Kaiser-Bessel
(a=2.5) windowed time series 21.9 minutes long for each array channel. These linear
estimates were averaged, calibrated and plotted in dB re /tPa//Hz reflecting the
estimate for each array channel at a specific frequency. The 95% confidence level
for the averages is ±0.16 dB. The data were selected carefully avoiding any known
nonstationary effects (e.g. seismic profiler, large strum amplitudes, nearby ships).
The variation across the array is illustrated in Figure 3.13 for two frequencies
within the shipping dominated part of the ambient noise spectrum (35 and 75 Hz),
two line frequency harmonics (60 and 120 Hz), and two wind dominated
frequencies (135 and 150 Hz). Although the general character of the data within
each frequency pair is similar, there is a striking difference between the pairs. The
level variation of the line harmonics (3.6d) is clearly shown; the nattern does rot
reflect any array section commonality. The effect of ihe coupled switching noise
(seen in Figure 3.11f) is evident at the higher frequencies where the acoustic
ambient noise levels are lower. Figure 3.13 e and f shows the variability in the 135
and 150 Hz spectral levels across the array as some channels are more susceptible
to system noise components than others. A spatial transform across the array
shows a broad peak at 0.02667 samples/m which corresponds to a 5 hydrophone
spacing. Examination of the high frequency spectral components of each section
shows that the two farthest and two closest channels to the processor exhibit a
propensity for noise contamination however the levels are affected by the
proximity of the wiring to the noise source within the wire bundle and are not
predictable.

3.5.7. Spectral Estimate Distribution

The distribution of the power in the individual estimates discussed above
provides a basis of confidence in the average level. The distribution (Figure 3.14)
was calculated for each of the calibrated estimates with bin widths of 350 p1Pa/V1iz.
The figure shows a Rayleigh distribution as expected for the square root of the sum
of the squares of two normally distributed components (real and imaginary spectral
components). This distribution is used to determine the sensitivity of the average
value to outlier estimates. Differences in mean value reflect array calibration
variations (channel 32), differences in variance reflect the noise level of the
channel. Notice that although the channels filtered within the processor in array
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Figure 3.13 Narrowband spectral estimate. The spectral estimates for a spccificd bin (0.98 Hz
bin width) were incoherently averaged (N = 2583) and plotted against array channel number.
The time series were 21.9 minutcs long and windowed with a Kaiscr-Bcss l (a 2.5) function.
The frcqucncies shown represent ambient noise, line frequency and system noi,, interference
distributions.
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section I (channels 5 and 6) indicated excessive noise levels on the coherence
estimate (Figure 3.12) at 75 Hz and on the single frequency estimate across the
array (Figure 3.13c), the same channels in section 3 (channels 35 and 36) shown here
do not.

3.5.8. Beampatterns

One way to evaluate the array performance is to investigate the degradation
in beampattern as errors are introduced to the amplitude and phase element
responses. The amplitude and phase element errors reported in the next section
were incorporated into the array beampattern calculation (derived in Appendix B):

N -1 j( k (n - I-)d (cosO - cosOt ) +,', 4 +0.0002(ne) r f)

AF = > (A + bA,)e 2
tl =0)

. ,here A. is the Kaiser-Bessel (a=1.5) amplitude shading function, , are the
amplitude errors, coso1 is the beam scanning angle, 6,, represent the random phase
errors due to element positional errors as well as electrical phase mismatch, and the
last term is the phase sampling error discussed previously with ne = element
number and f = frequency in Hz. Since a time shift is the time domain translates
into a phase shift in the frequency domain, at a single frequency .:, the correction
for this time offset r=0.2 nis is simulated in terms of a linearly increasing phase
delay e+jn, " for each hydrophone n in a section. The results at 56 Hz are shown in
Figure 3.15 for errors in amplitude obtained from the broadband averages, errors in
phase from the narrowband calibration and the effect of phase sampling errors
which is deterministic and can be removed from the acoustic signal. The
beampattern incorporating both amplitude and phase errors (Figure 3.15e) shows a
deterioration in side lobe level from the theoretical pattern (Figure 3.15a) and a
slight distortion of the main beam. The resulting pattern has virtually constant side
lobe levels at about 35 dB below the main beam.

3.5.9. Beam Levels

Directionality plots represent the spatial distribution of the data and
potentially identify relative side lobe levels. The directional beams are calculated
by taking a Fourier Transform of the spectral estimates at a single frequency after
compensating for the sampling offset discussed above. The plots in Figure 3.16 are
the result of computing a linear average, dB average and the standard deviation of
the dB estimates [Wagstdff et al., 1982j with n = 63 in the presence of a narrowband

(0 d ot) wih p iie
far field signal. The abscissa is normalized phase dcos), with positive

phase looking up, and the visible region marked by dotted lines (see Appendix B).
A 5 or 6 dB variance is typical of a single transform estimate for a random process
[Bendat and Piersol, 19711 and the 2 or 3 dB differcnce i' he averages is caused by
the nonlinear logarithm transformation of the Rayleigh distributed spectral time
series. Should the beam estimates have significant outliers, the difference between
the averages will increase as the linear average weights the outliers more heavily. A
strong coherent anival is indicated by a drop in variance and the coincider" , cf the
two averages as seen in Figure 3.16. The directionality response is a func ,n not
only of the array side lobe levels and main beam width but of the noise field with
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Figure 3.15 Beampattems. The array beampattens were calculated for the 120 element
equtally-spaced line array at 56 1z with Kaiser-Bcssel shading ((x 1.5). Errors were introduccd
in amplitude (b) and phase (c and d) and compared to the tt-coretical patern shown in (a). 'he

estimate of the true bcampallem incorporating the amplitude and phase calibration errors (c) in-
dicates an almost constant sidc lobe level at -35 dB.
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Figu~re 3.16 Beam levels. The beam levels are calculated by taking the Fourier Transform of a
single frequency bin across the 120 array channels. The result is displayed as a lincar average
(top curve), a dB average (tftom curve) and the standard deviation of the dB estimates
(separate plot). The ordinate is referenced to a watt/Hdlm and the abscissa is normal ized phase
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'which th-e array hearnpatiern is convolved. Simulations which assist in~ t he
interpretation of the directionality daita as measured by this particu!ar array are
presented in [Sotirin and flodgkiss, 19D89J. The constant response at 1I:, > 0.1?
indlicates that both the ambient noise and the array side lobe level are essentially
flat. The absence of , decrease in I-cias the main beam' eitters nll'isible space
indicates that this level is dominaited by the array sideC 1obe respoiise to thle sigll
but dfoes not indicate the relaitivp side lohe level.

3.S.10. Beam Correlation Level?-
The correlatioi n~eam to be2am is an indication of cohereat signal ar.ivals.

BeLause the linear correlation function is normally interpreted in terms of a
bitiorrmal joint hr Urn distribution, an alternative nonparametric test is performed
known as Specirman's rank correlation and has been used successfully by others
[Wagstaff et A!, !9S21. Lstimrations of the power arriving at 64 specific directioiq
aire calculated as described] above. If the value of these beam estimations are
ordered for any one directiun, and the position of the e-stimation within the orderedi
st is substituted for thle actual! value then the distribution of thle positions or ranks
IS LIniforr provided each estimate is uiqueLI If thle estimates are not unique theni

tlvare as signed a midposition iank suIch thal. Ze sum of the ranks for any one

heam is equal to Vij where N is the number of estimates. Once ranked, the

cort-lation coefficient p~k for beams j and k is calculated as the linear correlation of
the rank:-

N

N N

wIherc r, anid are tile assigned ranks for the itn *. ;mt ion of beam j or k. To
\erifvy that a nionzero value of 1) refiects the existence of a statistically significant
correlation, the null hypothesis (/lk = 0) is tes:ted, where a significant correlation i-,
tl irated it thte hyptbesis is rejected. With the function w defined as:

r , dfstiil~trh nom nilly wvithi zero mleanl ari(I a varianice Of (7' I N
7ti~ r'al lott (;1, 1,1)7 11, thle nu,11ll ypothess oft zero) correlationl is i0 ccel~e lh

I S ~ l~~Ii~?1( it

/ N i i lv <7z

I ILI~, 1til p (Jilaile, of a -''iiidaid n Iralradom .iriahe
II' lr :5,, ti~ t!OtI~I Wtti. \ (coni sts of IM)" miil dilhlo'e thle 1111111

* I 1 I t ~ ie i1,11 ii I ' iid I f I (I1 1tI 3. 1 is Ill: 57-i ti d (0 tl it(

li it , C! ll 1, p t lid f it I t, h ) ' tA t l Li o ' I I ( ( I I t II I I %, it 11 1 i'
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shows significant correlation between the beams, indicated by the grey level below
the main diagonal, it is demonstrated below that this is an artifact of tile ampliLude
variability in the signal. Although not an indication of high array .3ide lobe levels
which would be the interpretation inferred by others in the absence of a stront!
rnultipath acoustic signal, the results do indicate that there is a problem. A typical
ambient noise matrix displays few nonzero levels below the main diagonal.

3.5.11. Line Frequency Analysis

The levels of the signals appearing at line frequency harmonics in the in-
situ are surprisingly strong as the high power input to the array is filtered and the
data is digitized in the array itself. The results of self noise tests performed in the
laboratory show a conspicuous lack of any consistent 60 Hz harmonics in the
spetrUni. Although there are spurious peaks throughout tile test da'a set, there
were no perpetual signals which would suggest a system (electronic) generated
noise source. This implies that the 60 Hz signals and associated harmonics
observed in the in-sitw data set were either acoustic in origin or an artifact of The
setup aboaid FLIP, and were not an inherent coinponent of the array self noise. The
acoustic data from :be sea test inHicated that the 120 Hz line is dominant,
appearing mostly broadsidt (Figure 3.18a) and at high power levels (Figure 3.14d).
Acoustic noise propagating from FLIP would appear endfire, with a monotonically
decreasing level. Spectral levels of vibrational noise within the processo," case
would decrease as it propagated away from the processor. The 120 Hz signal
appears in all trray channel sl"2ctra at randomly varving levels and although the
broadside component is 20 dB above the higher angle arrivals, there appear to be
coninonents that arriv- at other angles (low variance and significapt correiation).
The appearaice of these arrivais can be explained by examining the Fourier
Transform of the channel magnitudes which behaves as an ainpltude shading
function in the beamformer. The result (Figure 3.18b) illustrates that the 'arrivals'
are due to the variaLility it! amplitudes. Not finding a suitablc acoustic path for the
line frequency harnmonics to iravel in, this noise must be coupled in through a
groundirg path in the aiay when it is deployed from FLIP or coupled in from the
D(C-to-DC converter inpt,ts.

-. 6. ARRAV CALIBRATION

The -ray calibration enable,, one to convert the ADC output recordt-d )!I
tape to the pressure field seen by the hydrophones. A nominal r-flibation of i
-,yv in i is obtaii( d from thc design specifications of the component parts. For this
j1<fr't1ular al ray, the sinal path conversion consists of the hydrophone sen.tr ivitv'

t eI(, arlihieirt elvrronm riltal c nditiois (-197 dR re '/uPa). tile proamplifiei gain
(.) re \), the diffelential rec'iver(6dB re V), le variabl, gain stage (1._ to 0)od
I,,, .mnd tie AI)C I,'46.23 111 re counts/V). The calibrations addressed here refer t,,

der C\ lit on d the ailay elemetnts froir. the nominlal calibration. The in -iu
, , alilation was detelrnllie(d f[omn two indel)erdent miIethods. lIre

rirr()\\ i-aidl ilib io n C )to- of (omlparing nonochronati( transmissionl, (I
%,Jli I "'ti,1r 1 inti s() 'I(e levels tlil a navigaled so r - positioni, to a prerl ied

, I (-!if11, h- ro'aIhald i.,eihod -,wtwres that the average anhl)ent noise IyV
, w',' h' ei du t. vthre ( nni litrn ly fr'oll the mriil so de , -tive (hiolill-> , n !,I
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Figure 3.18 Line frequency spatial distribution. The correlation levels indicated at 120 Hz are
shown to be an artifact of the amplitude variations crcrss the array. The beamformed results (a)
siow a spatial distribution which is very similar to that obtained from the Fourier Transform of
the magnitude eftimates at 120 Hz (b). The similarity indicates that the arrivals from directions
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Figure 3.19 Narrowband transmission range. The range of the narrowband source from the ar-
ray deployed from FLIP were recorded from ship's radar every 5 minutes during the transmis-
sions.
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Figure 3.20 Calibration modeling. The transmission loss estimates of several different propa-
gation models are shown for empincal comparison of the variability at array clement depths
Array measurements are also plotted.
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be identified by examining the variance and a relative calibration is obtained by
examining the mean. To minimize the effect of variability in the environment over
1000 ambient noise spectra are normalized and averaged for the broad band
estimate, and for the narrow band estimate, the strength of the signal was
substantial compared to the noise (SNR of 45 dB///iPa/\%1 lz). The phase calibration
was generated by differencing a multiple linear regression with the smoothly
varying phase data obtained during the narrow hand transmission.

3.6.1. Method Description and Data Collection
Narrowband. The narrowband method depends on modeling the signal

arriving at the array by correctly simulating the ocean environment at the test site.
The transmission was conducted on Julian day 267 from 2246 GMT until 00 GMT,
under benign environmental conditions; wind velocity was 6 to 7 kts at 250 ', swell
was 0.5 m at 310 *. A deep conductivity, temperature and depth (CTD) cast (3885
m) was executed coincident with the commencement of the narrow band
transmission and this CTD data was desampled for utilization in the sound speed
profile calculation [Sotirin and Hildebrand, 1989] required by the models. The
water depth obtained by echo sounding from FLIP was 4668 meters, therefore the
data from the deep CTD was extended by using data from a 4906 meter CTD taken
on Julian day 264 at 1605 GMT near 370 04.10' N and 1340 46.75' S. The ship was
allowed to drift during transmissions and source range from FLIP (Figure 3.19) was
calculated from radar measurements taken every 5 minutes, ship heading and
deployment geometry. The source was deployed at a depth of 27 meters, and
source level was monitored by a calibrated hydrophone at a range of 1 meter (Table
3.1) as each of the specified frequencies was transmitted for a period of 6 minutes.

Frequency range source level

dB
Hz meters re uPa

98 1141.375 192.0
135 1141.375 193.1

22 133i.655 179.7

56 1550.335 191.3

81 1853.54b 1 9 .3

27 1943.8(;9 181.5

41 2141.568 186.6

115 2216.663 198.2

159 2275.890 186.0

16 22 9 -. 145 i 76.3

L235.63) _5 170.0

Table 3.1 Narrowband Fransmission Paramters.
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Array depth was estimated from navigation measurements taken at 1730 GMT.
Several propagation models, encompassing normal mode, parabolic equation, fast
field and eigenray approaches, were compared using the array test environment
parameters to determine the inputs [D'Spain, 19881. This comparison showed 0.5 to
1.5 dB deviations between the different model spectral level predictions away from
transmission loss peaks (Figure 3.20). The models require estimates of ocean
bottom parameters such as layer thickness, compressional wave speed and
attenuation, shear wave speed and attenuation and density and surface reflection
coefficient which were estimated from references in the literature. Small deviations
in the predicted transmission loss levels could be due to errors in these estimates.
Small variations also occurred in determining the exact location and loss levels
associated with the signal null (transmission loss peak) which is sensitive to source
range and array receiver depth, changing the phase of the signal arriving across the
array. The estimated parameters also affects the phase prediction and was
probably responsible for the differences observed in the results, therefore only
magnitude predictions will be used. The Generic Sonar Model (eigenray) was
chosen as the prediction vehicle due to its robust simplicity in this application
where the amplitude is controlled by two dominant paths, consistent results at
close range and reasonable execution times. The array data was obtained by
extracting the raw data from tape at the same time as the radar fix to obtain as
precise a range measurement as possible for the modeling effort. Spectral
estimates were calculated and averaged for each channel at the frequencies
transmitted during the calibration. The time series, which had to be long enough to
generate reasonable confidence limits, was limited to 98 seconds to reduce the
errors in range due to ships drift to less than 50 m assuming a drift rate of 1 kt. A
single transform estimate was compared to the averaged results at each frequency
with slight differences (<0.5 dB) except near the transmission loss peak and at a
few isolated channels where the difference was as much as 2 dB for one particular
frequency. The 40-50 dB signal to noise ratio was more than adequate to alleviate
doubts regarding interferring signals and random noise levels The comparison
between the data and model outputs indicated the necessity of iterating range and
source level to match the location of the transmission loss peak and the mean
received signal level. The range estimation by ship radar is accurate to within
approximately ± 50 m, the range increment in the iteration was 5 m and the final
deviation was less than 30 m at 56 Hz and the source level was adjusted by +1.8 dB.
The GSM predictions were subtracted from the array received signal at selected
frequencie; and the element deviations were compared. The data at 56 Hz is shown
in Figure 321 and results are discussed below.

Broudband. Ambient noise levels are reported to vary only slightly (e.g. 1
dB) with depth [Morrisi therefore incoherently averaging the ambient noise
measured during the sea test should yeild a virtually constant level across the
array. If this is the case, then deviation from this !evel -ffers an independent
amplitude calibration. Figure 3.22 a, b, d and e are spectral averages and the
standard deviation of the spectral estimates for data received by each channel at a
specified frequency for 4 different time periods. The averages are calculated from
linear estimates (middle trace) and dB estimates (bottom trace), and the standard
deviation is based on the dB estimates offset to 90 dB for display purposes (top flat
trace). The magnitudes of spectral estimates are calculated as described in Section
Ill. The linear estimates were averaged, calibrated and plotted in dB re pPa/\l!z
reflecting the estimate for each array channel at a specific frequency. The lowet
tiace s calculated by convOrtilIV the linear estimates to d13, then averaging and
plotting the calibrated results. Fhe standard deviations were calculated from the
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Figure 3.21 Narrowbarid magnitude results. (a) The model prediction vs. array data is plotted
at 56 Hz. The GSM magnitude prediction is the s mooth curve with a deep null at 960 m. (b)
The difference between the model prediction and the array response is shown.
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calibrated dB estimates. The standard deviation of the log values has been shown
to be a constant value of 5.6 dIB [Dyer, 1970] (displayed as 9-3.6 onf the plot); the 95%
confidence level for the Averages is +0.166 dBi, -0.162 dli for 2583*2 (real and
imaginary estimates) dei,.ees of freedom. The data were selected carefully avoiding
any known nonstationary effec-ts (e.g. seismic profihler, larlge str-Um amplitudes,
nearby ships) with the expectation that the sp(ctral level wold vary smoothly
across the array on the order of 1 d1li, deviating only at the level of channlel
calibration.

Phase. The phase results presenited below were the rem Ilt of af single
coherent VET as described above. [hie raw phase data was processed by: (a)
unwrapping the inherent 2 ,-r rollover, (b) accounting tor the 0.2 mis/eIlieent/sectionl
sampling error in the arr-ay by subtracting -111T where n is the channel position
described in Section 1, (c) correcting for the 180" phase shift at thle transmission
loss peak as a result of the interferrence between the direct anid surface reflected
paths arriving at the array, and (d) Subtracting a multiple linlear- rfegreCssion Curve Lo
realize the plots in Figure 3,23.
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in source level and range. The mismatch in Figure 3.21a especially apparent at
either end of the array results in a spatially varying offset. Consequently, the
absolute calibration levels (Figure 3.21b) were interpreted relative to the offset
trend, and the modeling results were confined to an advisory position in terms of
the smoothness of the array response. The response shown at 56 Hz reveals a
smooth variation across the array. Relative deviation levels greater than 1 dB from
the smooth response were empirically identified and recorded at specified
frequencies. These results were reviewed for consistency and the average results
tabulated (Table 3.2).

Channel: 1 2 3 4 5 6 7 8 9 10
P1 -1 +1 -2 _ I
P2 _ _ _ _ _ _ __ _i i

F P3 +1 -1 +2 I

P4 -2 4.5

P5 -.5 ___ +1

P6 --- - --
P7 -1 _ l i
P8 +1 -1 +1 '
P9 +.s -1+ t
PIO . -L 1 i+ 15
P .1 [-5 ,i

P12 -1 ! - 1 1 -

Table 3.2 Results of the Narrowband Calibration.

The ambient noise collected every 7.5 m for 18 days, varies smoothly with depth on
a large scale. The small scale deviations however, are on the order of ±1.5 dB. The
variation across the array is illustrated in Figure 3.22 for 75 Hz at 4 different times
(a, b, c and d) where the time difference between the averages is about 1 hour for
the vertical panels (a-b and c-d), and 2 days for the horizontal panels (a-c and b-d).
The degree of channel to channel variability increased during the 2 day period.
This variation in time is seen by examining the bottom panels (e and f). A multiple
linear regression was subtracted from the linear averages to estimate the relative
channel variation. The top plot in panels e and f represent the difference in relative
channel variation between the two panels directly above and the difference in
relative channel variation between the 2 day estimates in the bottom plot. Short
term (1 hour) time variation is small, only one channel has more than a I 1 dB
variation. The variance across the channels is 0.13 dB (e) and 0.095 db (f); because
the channel calibration should remain constant, these differences represent changes
in the ambient noise field. Long term (2 da s) time variation is larger, with more
than 10% of the channels having deviations of greater than ±I dR. The variance
across the channels is 0.68 dB (e) and 0.78 db (f) iicreasing from the 2 hour
variance due to the non tationarity of the noise ield. it is this variability in the
ambient noise field which limits the broadband calibration. To mininize tho
effects, estimates of the ambient noise field were (alculated at 15 different times
during the experiment in hope that the vaiiations were random and would average
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out, leaving a more accurate estimate of tlie channel calibration levels. I'h( standlard
deviation of the 15 time estimates (Figure 3.24a for 56 lz) for the 3 frequeIcies
processed exhibit 3 channels with consistently high variance (21, 55 and 100). The
broadband amplitude results for 56 Hz, iliustrated in Figure 3.24b, were compared
to the narrowband calibration results at 56 Hz shown in Figure 3.211). Ignoring
channels 40 to 60 in the narrowband calibration which are close to the interferreco
peak at 56 Hz and the channels with 1,igh variance, the comparison shows that most
channels deviations of more than I dIB are noticeable in both results, however there
are some obvious differences. These differences, notibly channels '), 6, 29, 30. 05
and perhaps 85 are a result of excessive system noise levels. Tie am.bier:t noise
measurements for these channels are distorted even at low Irequ(-1ncl,. -[he-.
channels do not exhibit a high varliance a( a slreciicd frequency duc toj r e
consistency of the level; the lev-l of chaannel 30 in tigu re 3 1 is h8 dB If r i,./\ ilz
at frequencies other than line harmonics. lhis imposes a I rejlueilv dc-peld elt
calibration as the ambient noise level chllages with frequentcy. Another o'viots
difference is the channel 27 estimate which is consistently higl in ttle rittrowbanld
results but is not identified as a devianit in the anihintoise results. Ire (MwSC oI
the apparent transient nature ill a few of tile channel l,h'k 1las 1lt lwon 1cved.

STD. DEV. IN AMBIENT NOISE LEVELS
to - I I I+ . .. .. .

8
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0 | I I I I I I
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Figure 3.24 Broadband ragnitude resurls Ambient no;se measurements were used it) carmine
the spectral levels at 56 11z for each array channel Thcse estimates (N- 259 ) were c:alcuLitcd
at 15 different times during the experimen' and the resuits averaged to minimie the vain ihl,,
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Phase. The phase regression differences were examined for 5 different
frequencies, the result for 56 Hz is shown in Figure 3.23f. Besides channel 100, the
only other identifiable error mode were the channels which are filtered within the
processor case (e.g. 5, 6, 15, 16). These channels are most likely affected by the
switching noise identified in the previous section. The phase of the incoming
signal should vary smoothly across the array ignoring the mismatch in the
regression curve and the transmission loss peak, the deviation in phase at 56 Hz is
within 0.1r radians. The smooth phase variation assistcd in identifying the
channels with reversed polarity discussed previously. Phase deviations are also
evident in the time series plots (e.g. Figure 3.8) during an impulsive arrival. The
deviations for acoustic arrivals such as the seismic profiler are small as discussed
above however for mechanical vibration (strunm, every fifth channtel per section (e.g.
5, 15, 25, etc) is dela~'ed on the order of 50 ms due to propagation interferrence by
the processor pressure case.

3.7. CONCLUSIONS
Large aperture low frecluency arrays are inherently difficult to test because

of the physical size and number of channels which impose time and facility
constraints. Utilizing ambient noise in system tests allows the array performance to
be monitored throughout the experiment, identifing low performance channels and
their effect on experimental results. The tests discussed here, although not
exhaustive and yet to some extent repetitive, illuminate problems associated with
the array hardware and software. The repetitive aspect of the tests is nccessary
due to the random nature of the ambient noise and the specific manifestation of the
problem being investigated. In addition to system noise testimony. in-situ data was
successfully used to calibrate the individual channels. A combination of
narrowband transmi,,sions and ambient noise measurements provides magnitude
deviations to within ±1 dB.

Although the tests amplify the negative aspects of the array system, based
on the results shown here, the arr?- might well be used without adjustments to the
norninal calibration. The -35 ." ray side lobe level is more than adequate for
many applications. However, spectral levels for individual channels nte frequency
limited due to system noise. Specific results fur the array discussed show that four
eler2nts in each array section (the closest to and furthest from the processor)
potentially have nose prohlems at high frequencies. The noise in the furthest ele-
inents is coherent and with the exception of channel 30 (consistently above 85 dB
in the data processed to date) and channel 29 (slightly lower), the average level is
about 78 dB//IPa/' /Hz but affects few enough channels that the degredation in the
directionality plots is minimal. The noise in the closest elements is inconeren. but
at about the same levels with the excepticn of channcls 5 and G6 which exhibit a fre-
rluency depencence when compared to spectra from ol her channels. The distinct
comb-like pattern fades as the ampolitude of the ambient noisp increases. il high
frequency cont;,mination was identified( during the self nose laboralory test as a
conm mon mode problen in tile channels fLurthest fl-n in0he proceSSOr. The system
noisc in the channels filtered within the processor case was not identihied Lecatise
the electronic packages were renoved from the case dnd separated physically to
provide access to test points reducing the coupling effect. Precursory laboratory
system tests are required to eliminate system noise Sources prior to deployment.
The coherence shown is channels 5 and 6 indicates substantially higier noise levels
than most (f the other channels, and aithough not shown, this is corroborated by
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their spectral estimate distribution. Few channels show this level of noise contami-
nation howiever, and it is not expected to affect coherent processing resuits. This is
supported by the -35 dB side lobe levels In the array beampattern. FCw of the tests
would individually provide conclusive evidence of a system noise problem due to
the stochastic nature of ambient noise and the particular manifestation of a specific
system prob!,Ln. However, as evidence is accumulated through the results of the
series of tests, these problems may not only be idenitified but cause may be nar-
rowed. The impact on experimental results is of course tied to the specific purpose
of the experiment. For the results shown here, absolute spectral levels for ambient
noise are obviously damaged for specific channels and specific frequency band,,.
however the array is capable of measuring signals above the system noise level.-
defined by the test results, and the directionality estimates would safisfy riis,
application specifications.

An in-situ array calibration was demonstrated successfully at a ± I d8' re
pPa/VlHz level by comparing the results of the two independent methods [or re'la
tive channe! to channel informotion. Although the narrowband results have ?he
potential of providing absolute calibration values, modeling the narrowband
transmission requires precise knowledge of environmental parameters. Some of
this information is not readily available for specific test sites and must be
estimated, increasing the error of the modeled response. Consequently the model
Ou,-pUts were utilized as an indication of the smoothness of the array response at
specified frequencies. The level of system noise and the temporal variation of the
ambient noise levels posed problems during the broadband array calibration which
examines channel variation after averaging large numbers of spectra. Deviation
ffnm a regression across the array removes the time-varying mean of the ambient
noise and allows comparison of channel to channel variation. The variance of the
etimates must also be considered as confidence in the mean deviation increases.
Comparing broadband calibration results to the narrowband results yeilds good
agreement however, with the exception of the channels with excessive system noise
levels. Being aware of the potential for deviation between the two methods farili-
taics the anaiysis. Phase calibration results were based on the assumption of
smooth phase variation across the array and were identified as deviations from a
multiple linear regression. The deviation in phase was small (0.17, at 56 Hz) with
the exception of those channels identified with system noise degradation.
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Chapter 4

FINE-SCALE MEASUREMENTS OF THE
VERTICAL AMBENT NOISE FIELD

4.1. ABSTRACT

Use of a large aperture vcrtical array allows im,'cstigation into !:- fine scale
structure of the directional ambient noise field. Frequency and directional spectral
estimates are calculated during the passage of a local storm, providing a detailed
study of ambient noise levels at low frequencies as wind speed increases from 2
in/s to 12 m/s over a 21 hour period. Spectral levels of horizontal beams reflect
distant sources. Spectral levels of beams directed toward the surface and the
bottom dispiay a threshold type behavior, suggesting the abrupt onset of a source
mechanism such as breaking waves. Subsequent thresholds may indicate a change
in Source mechanism such as the conversion from spilling breakers to plunging
breakers.

4.2. INTRODUCTION

To measure low frequency (20 - 200 Hz) vertical directionality of the
oceanic ambient noise field requires a long array of hydrophones. Initial vertical
directionality investigations were at high frequencies (near 1 KHz) with shorter
arrays [Anderson, 1958, Rudnick and Squier, 1967]. These measurements showed a
non-uniform spatial distribution with more noise in vertical directions than in
horizontal directions due to a dominance of local environmental noise sources at
high frequencies. Initial low frequency measurements provided a general spatial
distrihution description of ambient noise and its variation with wind speed ',ox,
1964; Axelrod et al, 19651. Omnidirectional spectral measurements indicated that
ship noise dominates the environmental noise in this frequency region, and the
directional measurements showed that more noise arrives from the horizontal than
from thte vertical, a reversal of the patterns characteristic of high frequencies.

More recently, the spatial distribution of ambi-nt noise at low frequencies
has been described as a broad pedestal of energy arriving between i20' of
horizontal in the deep sound chnnel [Anderson, 1979] with levels up to 25 dB
above the higher angle levels. Ray tracing showed that the surface interacting rays
whiclh would contain ship noise, arrive within a narrow hand ,)f angles around j-12'
to ,l, )". This implied that tie low frequency spatial distribution in a range
indel)n~lent environment should have a double-huinped pattern with the width of
the notch between the hurn ps decreasing witlh depth [Cavanagh ani Renner, 1980].
Yet measuremcnnts showed a pedestal wit, oroad frequency and spatial
(hl?, t( risti(s, alt iugh the pedestal width did decr,,ae dith depth.

Two iechaiistns were ,,uggested by Anders e i II179]J to account for the
,olditional nolse at near It rizorltal ang!es: (1) high latitude ducting, based on the
shlllower smund spee'd iinirnum at high latitudes and (') dlown slope conversion
(.or the s , t, icl,'It 1(I'), )a,s d (mh (m 5slo)ii, m 1ottoiii reflection. These
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mechanisms would convert noise traveling at near vertical angles to horizontal
angles so that it travels with low loss in the deep sound channel, filling in the
predicted noise notch. Initially the idea of slope-converted ship dominated spectra
directed the investigations. The downslope conversion of noise from shlp, driving
uver seamounts and the continenal slope was discussed by Morris [1975] and later
by Wagstaff [19811 who emphasized the importance of directional measurements
since the omnidirectional measurements of a single hydrcphone may be dominated
by the horizontal component. More recently, ducted transmission and wind
generated mechanisms have gained more prominence. Three models of ocean noise
were considered by Dashen and Munk [19841: scattering, downslope conversion and
ducted transmission from high latitudes; the effect of scattering was shown to he
too weak to be effective and although these authors preferred the ducting process
on a physical basis, they concluded that the shipping density at high latitudes was
insufficient to produce the absolute levels measured, and that continental slope
conversion was the most probable mechanism by default. The significance of high
latitude winds was discussed by Bannister [19861 who estimated the contributions
arriving horizontally from ducting and downslope conversion of wind noise, and
concluded that ducting of high latitude winds could produce horizontal levels
comparable to those of downslope converted ship noise.

Experimental verification of these mechanisms is difficult due to the
obstacles encountered in separating the sources and source mechanisms.
Experimental evidence of ducted wind generated noise [bannister, 1986] was based
on interpretation of vertical noise distributions in the low shipping density areas
near New Zealand, measured by Browning et al (19821 and Burgess and Kewley
[19831 which were similar to those measured in the high density shipping regions of
the North Pacific. Burgess and Kewley [1983] found significant wind dependencies
at frequencies from 37 to 800 Hz, however it was not conclusively shown that the
wind dependencies were a ducted or converted effect rather than a local effect.
Experimental verification of slope-converted ship generated noise was reported by
Wales and Diachok [1981] at a site bathymetrically shielded from contamination of
high latitude ducting effects, by Carey [1986] using a towed narrowband source and
by Hodgkiss and Fisher [19871 who present decreasing noise magnitude results as a
function of range from the California coast. Downslope conversion has been
accepted as a mechanism for translating surface generated noise to the deep sound
channel, however the existence of the pedestal structure in the vertical
directionality from low shipping density areas suggests a major energy source is
that of distant storms.

Local storm energy has been shown to contribute to the ambient noise field
as well. Storm induced noise has been observed at high frequencies as the spectral
levels increase with wind speed. At low frequencies however, there is no consensus
regarding the extent of the wind induced effects. Efforts to conform to the
logarithmic dependencies seen at high frequencies has led to a variety of predicted
low frequency spectral levels [Urick, 19841. Difficulties arise in estimating the
"wind dependent portion" [Crouch and Burt, 19721 of an omnidirectional signal
which may be affected by other sources. An obvious experimental approach is the
use of the directional capabilities of an array, however, previous measurements
[Burgess and Kewley, 1983; Hodgkiss and Fisher, 1987] introduced additional
parameters in terms of variations in location and time which complicate
interpretation of wind induced effects.

The advent of large aperture arrays with many elements provide
measurements of ambient noise characteristics with high resolution. In this report,
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use of a large aperture array equipped with an acoustic navigation system which
allows array shape estimation, enables study of ambient noise fine-scale structure.
The airay, deployed from Research Platform FLIP which was moored in the NE
Pacific, was positioned at three nominal depths covering the water column from 400
m to 3 100 m with 7.5 m sampling increments The 900 m array aperture produced a
1° beam at 100 H-z. A detailed estimate was obtained of the vertical spatial
variability of ambient noise as wind speed increased from 2 mi/s to 12 m/. uver a
21 hour period.

Previous work indicated that the array shape may be estimated as straight
and nearly vertical, moving tor the most part like a simple pendulum [Sotirin and
Hildebrand, 19891. Array calibration showed that specific channels may be limited
by system noise and should be avoided, however the accumulated effect of these
channels does not contaminate the directional spectral levels [Sotirin and Hodgkiss,
19891.

The present work is presented in three sections. Preliminary statistical test
results, reported in Section 1, show that ambient noise data consist of independent
samples of normally distributed processes which are stationary over limited time
periods. Temporal variability of ambient noise is studied to assist in comparisons
of data recorded at different times. Issues of spectrum restoration, beamformed
sidelobe leakage and angular resolution are discussed in Section II. Ambient noise
spectral levels, presented in the last section, are compared to previous
measurements. The small noise level variation with denth, the shape -f the spat!
distribution and deviations with respect to frequency, time and wind speed are
presented. A fine scale analysis of ambient noise during the passage of a local
storm is shown.

4.3. TEMPORAL VARIABILITY

This section describes the temporal variability of ambient noise as a
prerequisite to data processing and interpretation. The ambient noise field is
analyzed for independence and time stationarity. Earlier investigations indicated
that the time pericd of fluctuation depends upon the mechanism generating the
noise measurements above 150 Hz correspond to weather patterns whereas noise
measurements between 20 and 150 Hz correspond to the proximity, density and
speed of ship traffic [Jobst and Adams, 19771. Our results show that complex
narrowband samples at 75 Hz, a ship dominated frequency, are independent and
Gaussian with stationarity lengths longer than previously reported (3 minutes at
high wind speed [Arase and Arase, 19681 and 22 minutes at unreported wind speed
[Jobst and Adams, 19771. The underlying processes create an ambient noise field
which varies with ship distribution, speed and density, and with environmental
parameters such as wind speed and sound speed profile. The mean distribution is
modulated by small scale variations which impose a limit on the significance of
measurement deviations. The variance of ambient noise spectral measurements
increases ;ith the length of time between samples, even for constant array depth,
wind speed and time of day.
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4.3.1. Statistical Tests

Statistical tests were used to analyze ambient noise data for independence,
stationarity and normality. The test data consisted of sequential complex spectral
estimates at 75 Hz every second (1.024 s) over a 50 minute interval for each of the
120 array channels. The estimates were calculated with a 1 Hz bandwidth from 512
data samples windowed with a Kaiser-Bessel function (a = 2.5). Two data segments
were selected: (1) local wind speed of 4 kts (Julian day 268, GMT 1010 where GMT is
Greenwich Mean Time) with tile array deployed vertically between 2200 rn and 3100
rn and (2) local wind speed of 20 kts (Julian day 258, GMT 1437) with tile array
deployed between 400 m and 1300 m.

Sample independence was determined using the nonparametric runs test
based on pair-wise deviations [Middleton, 1969]. Sequential sign consistent values,
calculated as the difference between sequential sample pairs, constitute a run. If
the narrowband process at a sensor is A(t)cos(&.t + ,(t)) and the inphase and
quadrature components are 1(t) A(t)coso(t) and Q(t) = A(t)sino(t) respectively,
then the pairwise values employed in the runs test are SGN[I(t) - l(t+l)], and
SGN[Q(t) - Q(t+1)1, where t is incremented (6t - 2 s) over the data segment. The
number of runs then is illustrated by example; i.e. +++--++---+----++ has r-7 runs,
[11=8 positive values, M 2=9 negative values, and NI=17 values. If the data are
independent observations of the same random variable then, for large M (M > 40), r
is a normally distributed random variable with a mean and variance of [Bendat and
Piersol, 19711:

2MIM 2  2MIM 2(2M 1M 2 - M)+1"= ±=;Z, = (r - ir)/crr
Pr M M 2(M- 1)

where Z, is the test statistic. The test statistic Z, is a zero mean Gaussian random
variable which is tested against an apriori determined threshold Z", where a is the
significance level. The null hypothesis for this test is that the M observations are
independent samples of the same random variable. If Z, < Z, then the null
hypotLesis is accepted at the a level of significance. The data segments for this
test were each 50 minutes long (M > 4000) and results for the 0.05 and 0.1
significance levels were calculated. The significance level is the probability that tile
null hypothesis will be rejected when the segment is independent; at the 0.1 level of
significance, 90% of the segments should pass. Inphase and quadrature
components for each array channel result in 240 data segments, so at the 0.1 level
of significance, 24 test results would be falsely rejected and at t-e M15 !Cvc! of
significance, 12 test results would be falsely rejected. At low and high wind speeds,
18 and 24 segments failed the test at the 0.1 level of significance level respectively,
and 10 failed at the 0.05 level of significance, showing that the data are
indepcndcnt.

The stationarity time length was determined by the Kolmogorov-Smirnov
two-sample test. This method used the cumulative distribution function (CDF) of
the data (Figure 4.1) which is the fraction of samples whose amplitudes are less
than a specified value. Procedurally, the data segment is divided in half and the
CDF is calculated for each half. The Kolmogorov-Smirnov test statistic is the
maximum value of the absolute difference between the two C DF's:

Z, .... 4 n 1 11 JL
1 

, l (X ) - F,x)l.

I lie null hypothesis is that the two data sets belong to the same distribution. If

9O 0



SIO Reference 89-10

INPHASE QUADTRATURE

o Ta

0.6

0.8 b-b

--. IT

> I

0.2

HI

~0.4 0
0.8

0.6 --

0 28 T- 4 -0.2
0.2 a i

-10 -8 -6 -4 -2 0 2 4 5 8 10 -10 -8 -6 -4 -2 0 2 4 6 8 10

AMPLITUDE AMPLITUDE

Figure 4.1 Cumulative distribution two-sample test. The results of the Kolmogorov-Smimov
two-sample test are shown for the inphase and quadrature components of array channel 23 for
a 50 minute time segment at 75 Hz. The segment on top, arcepted as being stationary at
the 0.05 level of significance. This segment was recorded , , a low wind condition (2 m/s)
and the array was deployed nominally to 2650 m. The segm ,. )n the bottom (b) fails at the
0.05 level of significance; 10 m/s winds prevailed and the array was deployed at a nominal
depth of 850 m. The Julian day (Jday) and Greenwich mean time (GMT) are indicated.
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Figure 4-2 Data stationarity. The probability x of the observed test statistic is shown for the
inphase and quadrature components of each array channel. The o's represent the low wind
speed data segments; the x's represent the high wind speed data segments. The 0.05 level of
significance is shown with small dashed lines; the 0.1 level of significance is shown with large
dashed lines. Probabilities greater than 0.25 were clipped for illustrative purposes. Interpreta-
tion of this data is such that any test result represented as an x or o which is less that a
specified probability fails at that level of significance; e.g. the null hypothesis that the two
data segments have the same distribution is rejected at the 0.05 level of significance for any
result which is less than 0.05.
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Zsam, p; < z, then the hypothesis is accepted at the n level of significance. For a
large number of data points (N>20), the significance level of the test statistic Ziamrle
is [Press, et al. 1986]

QKS(Z,,>Zsample) QKS() Q -- 2 i(- 1)J - e
j=l

where X 1 4- N2 Zsample

The significance level was calculated for the inphase and quadrature components of
each array channel over time periods of 20, 30, 40 and 50 minutes (Figure 4.2).

The results are different for the two data segments. The low wind speed
segment is stationary at the 5% level of significance for up to 50 minutes. At 60
and 70 minutes, the number of individual test which fail is still less than 9% at the
0.05 level of significance. For the high wind speed segment however, the
stationarity hypothesis is accepted at the 0.05 level of significance for a segment
length of 20 minutes, but fails by a narrow margin (5.42%) at 30 minutes with the
number of failures increasing significantly above 30 minutes.

1.0 1 -- +l -4--4--I ;.

1+8

0

Figure 4-3 Cumulative distribution one-sample test. The Kolmogorov-Smimov one-s; 'nple
. - -+ - - test resulLt am shtwn for the 75 lz inphase and quadrature components for array chann, 123

for a 50 minute data segment with a Gaussian distribution of the same mean and varianc! as
i.e -1 ---- -- --- 4- - the data segment. The data was from the high wind speed segment. The sample mean a d

b) GUJADTRATURE variance for the inphe segment was 6.99e-02 and 7.67, respectively. The %ample mean and
9.8 variance for the quadrature segment was 0.157 and 7.70. respectively. Data segment leneths

. tof 20, 30 and 40 mmnutes also passed.

(-

i. - 6 - 4 2 2 4 6 I I

AMPLITUDE

The hypothesis that the data components are normally distributed is tested
using the Kolmogorov-Smirnov one-sample test. The procedure is similar to the
two-sample test with the test statistic zSM,, defined as the maximum difference
between the experimental cumulative distribution and that of a normally
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distributed function with the same mean and variance as tile data segment. The
null hypothesis that the inphase and quadrature components of the narrowband
noise are normally distributed is accepted at the a level of significance if
Zsanple z,.__The probability that zs,-mpI, z, is calculated from the equation above
with X = VNZvam,,)e, where N is the number of data samples in the segment.
Although the probability is defined for an apriori determined theoretical
distribution, use of the data saniple mean and variance leads to a more conservative
test by decreasing the observed test statistic [Middleton, 19691. The cumulative
distribution functions for array channel 23 and the Gaussian distribution with
sample mean and variance are shown in Figure 4.3. The hypothesis was accepted
for the inphase and quadrature components for both the high and low wind speed
segments at the 0.05 level of significance.

There appears to be a local' wind speed dependence in the stationarity
results (Figure 4.2). However, additional data samples were not available to
corroborate this hypothesis, and due to the difference in array depth during the
rccording of tre safiiAt,, aZ wind dependence can not be substantiated without
further analysis. Although these tests were conducted over only a few dala
segments, it is assumed that under similar conditions, the data segments used in
the ambient noise analysis may be considered independent, stationary and normally
distributed.

4.3.2. Spectral Estimate Variability
In many investigations, the variation in ambient noise due to specific

processes requires that the noise field be sampled at different times. For instance,
to investigate ambient noise versus wind speed, the data recorded at specific wind
speeds but at different times are compared. The mean spectral level is a not solely
a function of wind speed and an estimate of the small scale variability is required
to ascertain the significance of changes in wind speed. This variability is a
combination of spatial and temporal interference patterns across the array during
the sampled interval. To estimate the variability of ambient noise spectral values
with time, spectral estimates at 75 Hz were calculated from data recorded during
similar environmental conditions and at approximately the same time of day. The
data were analyzed in terms of the variance of spectral differences across the array
versus time. Squared magnitude estimates over a 22 minute interval were averaged,
calibrated [Sotirin and Hodgkiss, 19891 and plotted for each array channel at 75 Hz.
The data were selected to be free of any known nonstationary effects (e.g. seismic
profiler, large strum amplitudes, nearby ships) with the expectation that the
spectral level would very smoothly across the array. A regression fit to the data
(whose mean level varies little with depth) was subtracted leaving channel
deviations. The time difference between these channel deviations is illustrated in
Figure 4.4 where increasing variability is seen with increasing time lengths. This
increase is quantified by calculating the variance across the array for each of the
data segment pairs, and is plotted as a function of the logarithm of the time
difference in Figure 4.5, demonstrating time variability of the ambient noise field.
Although a sparse sampling is presented, a definite increase of variance is observed
with time. Differences in spectral measurements taken at different times or at
different spatial locations which are about 1 dB, could be due to either temporal
and/or spatial variability of the source mechanisms iin force.
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Figure 4.4 Variability of ambient noise spectral levels across the array. Spectral deviations
as a function of time were differenced to investigate temporal variability across the array. The
panels represent the channel to channel variation of spectral estimates separated in time by the
amount shown above each panel. The spectral estimates were generated by incoherently
averaging the squared magnitude FF1" outputs for each array channel. The input segments
were 50% overlapped, Kaiser-Bessel windowed ((x=2.5), 1 second time series resulting in
2583 estimates of 0.98 Hz bin width. Each data sequence was 22 minutes in length and the
results were plotted in dB re p.Pa4Hz. The 95% confidence interval of the estimates is +0.166
dB, -0.162 dB.
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Figure 4-5 Variance as a function of time. The variance across the array of the ,spectral esti-
mate dif'ferences is plotted as a function of the logarithm of" the time difference.

4.4. INTERPRETING BEAMFORMED DATA
An acoustic array is a collection of hydrophones at discrete points in space

whose outputs may be coherently combined in the beamforming process to
estimate the directional spectrum of tihe ambient noise field. Use of such an at-ray
produces a distorted picture of the true directional spectrum, which may be
discussed as two separate artifacts. The first is attributable to the discrete
sampling of a continuous process, yielding limitations in wave n~mber amplitu~de
and spatial aliasing at frequencies above f -. c/2d where c is the propagation speed
and d is the array element spacing. The second is attributable to the spatial
response of the array (a function of the array aperture) which bounds the angular
resolution in vertical angle of arrival. If the array response (beampattern) were
represented by an impulse function, then the beamformer Output would accurately
reflect the actual noise field input. This is not the case for the array considered
here whose weighted sp-tial characteristics, due to finite length and limited number
of elements, are described by a main beam of non-zero width which varies with
frequency, and sidelobe levels between -30 and -40 dB.

The array beampattern is a spatial filter which is convolved with the true
noise field to produce the estimated spatial spectrum. The Fourier transtorrm of the
beampattern illustrates the angular resolution of the array and is shown for 55 Hz
in Figure 4.6. The estimated spectrum has a band limited angular response because
the angular resolution is band limited. The zeio crossing of the beampattern,
known as the critical angle o, [Bracewell and Roberts, 1954], is approximated by -:

where X is the wavelength and 1" is the array aperture. The critical angle for the
specific range of wave lengths considered here varies front 0.112 to 0.013 requiring
a minimum sampling interval of 0.056 to 0.0065 radians (3.21 to 0. 37 ) wvhicli is
satisfied by the 5 12 point transforms discussed in the next section.

Recognizing the limitations of the array, various approach's have been
suggested to estimate the true noise field, assuming that the array response
function is independent of steering direction and is well known [Bracewell, 1958;
McDonough, 1975). These methods are constrained by the nonuiniqUeness of the
solution, numerical difficulties, processing artifacts and uncertainty in the array
beampattern response. A technique known as successive sub)stitL~tion [Bracewell and
Roberts, 19541 was applied to samples of the measured amibient noise field at
various frequencies to ascertain the gross effects of the array as a measuremlent
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Figure 4.6 Angular resolution of the array. The theoretical array beampattem at 55 Hz is
shown (a) for physical angles in normalized linear units on an expanded horizontal scale
(-n/l6 to +n/16). The Fourier transform of this beampattem shows the bandlimited angular
frequency cutoff at X = F7X.

system. An alternative to the restoration scheme in determining the limits of array
distortion is that of a more controlled environment in which the "true" noise field,
completely determined apriori, is convolved with the estimated arras beampattern
and compared to the measured data. Simulations indicate a sensitivity to array
sidelobe structure under certain conditions, consequently absolute levels outside
the ambient noise pedestal, must be viewed with regard to the parameters
discussed below.

4.4.1. Spectrum Restoration
This technique is an iterative method of correcting the distortion produced

by the array in estimating the true spectrum. Adjustment -MA to an initial
approximation of the true directional power spc:ctrum M4,r is accomplished by

subtracting the convolved output of Mapp and the known array beampattern A, from
the measured directional power spectrum M,,;

ANM = Ma, - (A * ap,).

The initial approximation Mp p is adjusted producing a new approximation for the
next iteration, proceeding until the adjustment is small; typically only a few
iterations are requ red. Using the array beamformed output A as the initial
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appro.,imation, the procedure is shown below;

M, - A,, I + (M, - A * A,

The resulting restored spectrum remains band linited because of the an glular
resolution of the array and is termed the principle solution, restoring thef,
components within the array's measurement capability. If the true spe tlurn
contains components outside the band of the array (>\ in Figure 4.6), theen the
Fourier transform of the principle solution will contain a discontinuity at \ who(i
may produce oscillatory characteristics in the restored spectrum. To illustratr t1hr
seriousness of this effect for the vertical array measurement of the ambient rnioi,
field, a simulated field was constructed (Figure 4.7). This field is defined in ii ,
of normalized wave number

dsino

where the limits of visible space correspond to sinO = ±]I, or -kd>',<-,kd: k is the
wave number, d is the array element spacing arid 0 is the look direction. it is
possible to incorporate phase delays which correspond to space that is not
physically realizable. This space is referred to as invisible space and the beams
corresponding to delays > lkdl are called virtual beams. The ambient noise fild
used for this simulation is typical of ambient noise at 55 Hz with high angular
frecLencies (Figure 4.7a). This field was canvnlved with a known array beampattern
(Figure 4.7b) at 55 Hz to produce the measured spectrum (Figure 4.7c) which was
introduced as the initial approximation in the iterative restoration scheme.
Comparing the principle solution (Figure t.7d) to the true spectrum (Figure 4.7a)
illustrates their differences including: overshoot in regions of sharp angular change,
oscillation particularly in the invisible region, a slight broadening of the pedestal
width and a small amplitude deviation of less than 0.5 dB. An example of
restoration of the ambient noise data discussed in the following sections is shown
in Figure 4.8. The array beanipattern (Figure 4.8a) used a Kaiser-Bessel 1 I' 1.5)
amplitude weighting function and the estimated array amplitude and phase
calibration errors [Sotirin and Hodgkiss, 19891. The original angular distribution
(recorded on Julian day 270 at 0400 GMT) is typical of ambient noise data at liglh
wind speed for 55 Hz with a 15 dB pedestal approximately between . I 1
horizontal. Restoration sharpens the discrete source components, minimally
increasing the peaks and decreasing the valleys, but preserves the absolute level,
and overall shape. There are noticeable oscillations in this example, particularly at
the higher angles. The gain in directional resolution, particularly in the pede,tal
region, is offset by the additional processing required, the relatively ninmor le\ el
corrections, the obscure distinction between processing artifacts and restorcl
distribution, and possible errors in the estimated beampattern. There tine,
restoration was not applied to the bulk of the data but used as a tool to aid in data
interpretation for select cases.

The small differences between tlie measured noise fi ld and the rest orerI
noise field outside the pedestal region itI Fiure 4.8, indicate that this region is not
contaminated by array sidalohe levels as illustrald by the 2-3 dB level change in
figure 4.7 for the same region. The susceptibility to array sidelobe containailil n
of different measured diStributions is quantified by simulations below.
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Figure 4.7 Spectrum rcstoration simulation. The spectrum restoration method is test for
simulated ambient noise data by defining the "true" vertical ambient noise field where the am-
bient noise pedestal is represented here with a 0 dB level between ±'0.085. The level then
drops to -25 dB until th' 1init of real space at ±L0.275, beyond is invisible space at a -100 dB
level. This "true" nois: 'ld (a) is convolved with a known array beampattem at 55 Hz (h) :o
provide a measured spectrum (c) with which to test the method expecting to restore the origi-
nal spectrum (a). The resulting solution is shown in (d) to exhibit some oscillatory charac-
teristics arid a slight level decrease.
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Figure 4.8 Ambient noise spectrum restoration. A representative example of the spectrum
restoration using array beamformed data at 55 Hz from Julian day 270 at 0400 GMT with an
11 m/s wind speed. The positive angles represent upward looking angles. The array beampat-
tern used in the restoration is shown in (a), the original angular spectrum is shown in (b) and
the restored spectrum is shown in (c). The restoration increases the peaks in the pedestal by as
much as several dB and decreases the valleys similarly. The levels outside the pedestal exhi-
bit oscillatory characteristics, but in general, the absolute levels and overall shape are
preserved.
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4.4.2. Simulations
Insight into the distortion imposed by the array may be gained by

convolving a simulated spatial noise field with the array beampattern, and
quantifying the result in terms of a main beam to sidelobe ratio. The spatial
ambient noise field is approximately described by a ±150 to ±20 pedestal at a level
of 5 to 30 dB above the high angle level where "high angles" are defined to be
visible space outside the pedestal region. Although the pedestal height is defined
relative to the high angle level, a change in pedestal height actually reflects a
change in the high angle level as opposed to a change in the pedestal level. The
array beampattern is approximately described by a narrow rectangular main beam
with flat sidelobes at -30 to -35 dB. The width of the rectangular main beam is
calculated to provide a power gain equivalent with that achieved with the calibrated
main beam, shown in Table 4.1 as equivalent beam width (EBW) for a broadside and
450 looking beam. For the normalized beampattern in Figure 4.6, the EBW =

X
+r

B(nO) where B is normalized power magnitude shown in the figure. The main
n=--

beam to sidelobe ratio (MSR) is then defined as the integrated power seen by the
main beam when it is steered to a specified direction over the integrated power
seen by the array sidelobes, given the known spatial ambient noise field.

Frequency (Hz) 15 35 55 75 95 105 115 125

broadside EBW 8.4° 3.60 2.30 1.7' 1.3' 1.2' 1.1 1.00

450 look angle EBW 12.1' [ 5.1' 3.30 2.4* 1.90 1"7 1 1760

Table 4.1 Equivalent beamwidth.

Two sets of simulations were conducted. The parameters varied during the
simulations were pedestal width, pedestal height, array sidelobe level, look
direction and frequency. The first set was conducted at 55 Hz for various spatial
noise fields and array sidelobe levels with results shown in Table 4.2. The noise
fields considered were ±15' pedestal width at power levels of 10, 20 and 30 dB
above the high angle levels, and ±18 and ±200 widths at 10 and 20 dB levels. Two
array sidelobe levels were specified at -30 and -35 dB relative to the main beam, and
two look directions were specified at broadside and +45'. Interpretation of the
MSR results are enhanced by examing the relative differences in angular component
levels. That is, for a pedestal of ±180 width and 20 dB height, the convolved
response accurately measures the pedestal width but distorts the height. Relative
differences between the true height and the convoved height are shown in
parenthesis in Table 4.2 preceding the corresponding MSR for selected cases. To
achieve a measured response to within a I dB level of the true distribution requires
an MSR of about 0.85 dB. The results show that the MSR is more than adequate to
measure the pedestal distribution irrespective of the specific parameters, however
the higher angle levels are sometimes distorted. As the pedestal width is increased,
the MSR decreases as more energy is picked up by the array sidelobes. As the
pedestal height is increased, the MSR at the +450 look angle decreases. The second
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Noise Array Mainbearn to Look
field sidelobe Sidelobe directionl

description Ilevel_(dBq) Ratio dB 4j -

101 broadside
-30 t! ~~f l t1 .3 , - + 4 -5 +

ft5 1.6 broadside

1.8 +45-
15' 1.7 broadside

pedestal 0.90 +45'

2.2 broadsideat 10 dB -35

53 1.9 broadside

30
01.08 +45-

pedestal ..08 -

at 20 dB 35 2.4 broadside
at_ 2 dB_ -5 -0.57 +-4 5 ' H

±18' -30 1.9 broadside

( .0 +45'

pedestal

at 30 dB -3 2.4 broadside
-0.3 +45'

18' -30 1.7 broadside

pedestal -3 (0) 0.5 -+45'__

at 20 dB -35 2.2 broadside
- (0.75) 0.39 +45'

pedestal _____ (40( ra3id
TI

±20' -30 1.7 broadside

pedestal + 4___- 0.1 45

2.2 broadsideat 10 dB -35 1.3 +45O

±20' -30 1.8 broadside

+18 -3 (40)0.05 +45'

pedestal

2.3 broadside

at 20 dB -3 04 +45 °

Table 4.2 Mainbeam to sidelobe ratio (dB) at 55 Hz.

set of simulations was conducted for various frequencies, pedestal heights of 10
and 20 dB and a constant pedestal width of ±218, which approximates the ambient
noise field observed during the experiment. The results, shown in Table 4.3, exhibit
a decreasing MSR with increasing freqjuency, expected as the mainl beamn width
decreases.
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Frequency Noise Mainbeam to Look

field Sidelobe direction
(Hz) description. Ratio (dB)

±180 10 2.8 broadside

15 dB 2.0 +45*
pedestal 20 3.0 broadside

dB 1.2 +45'

±18' 10 2.4 broadside
35 dB 1.6 +45'

pedestal 20 2.5 broadside
dB 0.69 +45'

180 10 2.2 broadside
dB 1.4 +45'

pedestal 20 2.3 broadside
dB 0.49 +45'

±180 10 I 2.0 broadside
dB 1.2 +45 °

pedestal 20 2.2 broadside
dB 0.34 +45'

±180 10 1.9 broadside
dB 1.1 +45*

pedestal 20 2.1 broadside
dB 0.2 +45 °

±180 10 1.9 broadside

115 dB 1.0 +45 °

pedestal 20 2.0 broadside
I dB 0.15 +45'

Table 4.3 Mainlobe to sidelobe ratio (dB) with -35 dB array sidelobes.

It has been suggested that virtual beam levels (beams outside visible space)
may be used to indicate the sidelobe suppression levels of an array [Berrou, Bluy
and Wagstaff, 1982; Wagstaff, 1988]. The virtual beam level is indeed a function of
the array sidelobe level however other significant factors (array main beam width,
directional spectrum input) affect this level such that its interpretation is not
straight forward. For the directional spectrum provided by a typical ambient noise
field, and the specific characteristics of the array considered here at 55 Hz, the
drop in level between visible beams and virtual beams is shown in Figure 4.9 to be
less than 5 dB for array sidelobe levels of -35 d1B and about 2 dB for sidelobe levels
of -30 dB. If the array calibration errors were to be included in the array
beampattern, the drop would be even less conspicuous. For a wider main beam and
a strong directional source [Wagstaff, Berrou and Cotaras, 1982], this technique may
be more valuable as an array assessment tool. The directional spectrum in Figure
4.9 is plotted in terms of normalized wavenumber where ±0.?75 rzpresent the
limits of visible space. The 'real' data represents a ±18' pedestal width at a 20 dB
level relative to the higher angles and 100 dB relative to the invisible space level.
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Figure 4.9 Virtual beam simulation. Virtual beams are those whose phase delay does not
correspond to a part of the visible spectrum. At 55 Hz, these beams are those between +0.275
to +0.5 and -0.275 to -0.5. The drop in level between real space and invisible space is a func-
tion of the ambient noise field and the array characteristics. The original spectrum (a) is con-
volved with the array beampattem (b) shown for two sidelobe levels. The simulation results
(c) and (d) represent sidelobe levek of -30 dB and -35 dB respectively.
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Figure 4.10 Measured virtual beam levels. The drop in level between real space and invisi-
ble space for vertical ambient noise is seen at 2 to 5 dB levels. The data were recorded during
high wind conditions (11.3 m/s) at three array depths.

105



B. J. Sotirin

The -100 dB level of the virtual beams represents the array electronic noise floor,
mechanical energy, and energy from incoherent sources. The array sidelobe levels
were constant at -30 a,d -35 dB relative to the main Ltam. The virtual beam level is
demonstrated for experimental measurements in Figure 4.10 where the expected
drop is evident particularly for 75 Hz whose corresponding MSR is less that that at
55 Hz.

The beamfor.ned array data reflects the true ambient noise directional
spectrum with some constraints. The beamformer has been shown to have
limitations in wave number and vertical arrival angle resolution due to discrete
sampling and a nonzero main beamwidth. The large number of elements in ihis
particular array mirimizes the distortion caused by the beamwidth but increases
concern regarding array sidelobe levels. By observing the main beam to sidelobe
ratio under various noise field conditions, it is seen that the array correctly
estimates the level and width of the ambient noise pedestal but distorts the high
angle level. This amount of distortion increases with frequency, pedestal height
and pedestal wid i. For a ±18 ° pedestal, the array is capable of measuring a 10 dB
pedestal height to within I dB at all frequencies considered, however as pedestal
height increases to 20 dB, the MSR decreases with frequency until at 115 Hz, there
is approximatelv a 3 dB error in high angle level.

4.5. VERTICAL DIRECTIONALITY AS A FUNCTION OF WIND SPEED
The large array aperture (900 m) provides greater directional resolution

than any previous work at low frequency. While increasing the resolution, the large
aperture also raises concerns about the validity of conventional beamforming due
to array shape and wavefront curvature. The array was equipped with an acoustic
navigation system [Sotirin and Hildebrand, 1989] which, for the data set presented
here, showed the array was straight and vertical to within 1° . Wavefront curvature,
resulting from variations in sound speed across the array aperture, is not a major
source of error in the ambient noise analysis [Tran and Hodgkiss, 19891, mainly
affecting signals arriving within ±5' of horizontal with small losses in signal level
and a slight distortion in arrival angle. Another concern is mechanical motion or
array strum injecting signals which could interfere with ambient noise
measurements. It is shown below that although the array does exhibit strum
characteristics, the signals are narrow in frequency and in apparent direction.

Ambient noise directionality data were studied at various array depths and
local wind speeds. During the passage of a storm, the array was deployed at three
depths, provides an opportunity to examine the variation with depth at three
nominal wind speeds. Nine 2-minute data segments were processed. The mid-array
depth for the three deployments were 850, 1750 and 2650 m, and recorded wind
speeds were within 0.5 m/s of 3.1, 7.2 and 11.3 m/s, for the low, medium and high
designations. The passage of another storm increased local wind speed from 2 to
12 m/s over a 21 hour period. Two minute samples were selected every 20 minutes
during this event to provide a detailed investigation of the directional variability
with increasing wind speed.
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4.5.1. Data Processing

Data integrity was verified by examining time series and spectra for
representative elements. Two-second time series of the 120 channels were scanned
at the beginning, middle and end of the 21 hour time series to note any channel
variations during the storm. For each 2 minute segment analyzed, the time series
for a representative element was plotted over the entire segment to identify any
obvious contaminants, such as a seismic profiler operating off the California coast.
The profiler signature was perceptible in the time series as shown in Figure 4.11,
and was removed prior to subsequent processing. The removal involved piece-wise
incoherent averaging in the fequency domain. Calculating the spectra of one
channel per array section provided a mid-process verification of the data.

Further processing consisted of selecting desired frequency bins,
compensating for an array sampling offset [Sotirin and Hodgkiss, 1989] and
beamforming across the full array aperture as well as two 20 element subsections.
The data segment (65536 samples for each of the 120 channels) was frequency
transformed using a 1024-point Fast Fourier Transform (FFT) after application of a
Kaiser-Bessel (a- 2 .5) window. Spectral estimates (0.49 Hz/bin) were selected at 5
Hz increments from 15 to i30 Hz, avoiding narrow band contaminants at 60, 115
and 120 Hz by shifting to 61.0, 113.8 and 118.7 Hz. A frequency dependent phase
correction was implemented to account for the sampling offset. The spatial
conversion was accomplished using an FFT beamformer, analogous to the time to
frequency domain FFT as discussed below. For a time sampled plane wave signal
s(t) = ejwt arriving at the array at an angle 0 from the horizontal, the output of the

nth array element is a,(t) = s(t + nds-i f) where d is the array element spacing, and
C

c is the propagation speed. A time delay beamformer is a delayed sum of the N
weighted element outputs:

N-I N-I ndsinO
Bm = >] w(n)a,(t-nr) = >_ w(n)s(t + - nr)

n =0 n=O C

N-I J- ,dsinO N-I jn(2rdsmO

= NI = e-J w(n)e
n -O n --0

where 71 is the delay corresponding to the look direction 01 of the main beam and is
equal to kdsin0, where k = 21r/X. Defining 0 as

, = kd(sinO-sino/)

the beamformer may be evaluated using FFT algorithms:
N-I

B, -- e-'27tt \2w(n)e' '

n -C)

The parameters of the temporal transform are compared to the spatial transform in
Table 4.4. The beamformer was implemented with M=512 points, a Kaiser-Bessel
(o=1.5) shading function w(n) and a spatial sampling frequency of 0.131579
samples/meter. This sampling deviates slightly from the array design element
spacing of '.5 m due to strain in the kevlar strength member under tension. The
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spatial samples were incoherently averaged, and converted from electrical angle 6
to physical angle 0 = asin(o/kd). The average magnitude-squared results were
calibrated to dB re I iPa/V'Hz Deg by normalizing by the number of points N, the

1 N
power in the window function (- > w 2(n)) and the spatial sampling frequency, and"N' n =0

by converting wavenumber to degrees with the factor

dk/do - rf Cos( 0)
180c 180

where k. is the digital spatial frequency -sir,, analogous to the digital time

frequency f. This normalization presents the data in terms of average narrowband
intensity received by the array per vertical degree.

Temporal Spatial Mode

C = T = 27r, f kc = continuous

1_

f = temporal frequency -= spatial frequency

-d= cT 2w f kd = 27r~dsin0

x
sin0f = temporal frequency -- = spatial frequency discrete

= temporal sampling frequency d= spatial sampling frequency
I

Table 4.4 Temporal vs. spatial transform parameters.

4.5.2. Array Strum
The mechanical vibrations of the array, induced by water currents and

surface platform motions, are limited to low frequencies (5-30 Hz). There are two
modes of vibration identified in the array time series data which may potentially
contaminate the ambient noise data. The transverse component, modeled as if the
array were an infinitely flexible string, has a computed speed of c V V/TI/ where T
is the tension (Newtons), and it is the array mass/unit length (kg/m), and assuming
standing wave propagation, the frequency is i', = nc/2F, where n=1 for the
fundamental frequency, and I' is the length of the string [Morse and Ingard, 19681.
The array system is composed of 4 component parts: uplink wire, array, kevlar
strength member and weights. The system mechanical parameters were estimated as
follows: mass of 1887 kg, center of mass at 954 in, weight in water of 5880 N and
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density of 1.44 gm/cm 3. Using these parameters for an infinitely flexible string
with uniformly distributed mass and small displacements, the velocity of a
transverse wave traveling down the array would be 54 m/s. and the fundamental
frequency assuming standing waves would be about 0.03 Hz. Velccity
measurements of this component are difficult because of the relativcly low
amplitudes and propagation interference due to the stiff section splices and
processor pressure cases, however, from a typical time series plot [Sotirin and
Hildebrand, 1988, Figure 81 the speed is estimated to be 43 - 53 m/s, comparing
favorably to the calculated speed. The speed and frequencies characteristic of the
longitudinal mode are more difficult to predict because of uncertainty in elastic
moduli estimation. Observationally, the longitudinal mode is more apparent than
the transverse mode, traveling down the array at a measured speed of 1800 m/s
from the surface and a frequency of about 20 Hz. Since the speed of propagation
for ambient noise beamforming is 1500 m/s, signals propagating at other phase
velocities appear at non-endfire angles. Using Snell's law:

Cl C2

sino)1  sin0 2

where cl = 1800 m/s, c2 = 1500 m/s, and 01 = 90', gives 02 = 560. A series of
directional spectra with prominent longitudinal strum are shown in Figure 4.11
demonstrating the arrival structure and time variability of the strum events.

The transverse component of strum is not apparent in the directional
measurements due to its low amplitudes and relatively slow propagation speed.
The longitudinal mode however, is evident in the ambient noise directional
spectrum at arrival angles from 450 to 650. The angular isolation of the strum
signal allows the pedestal structure of the ambient noise field to be analyzed
without contamination unless the strum signal is strong enough to compete with
the power seen by the mainbeam through -rray sidelobe leakage.

4.5.3. Ambient noise as a function of wind speed

Ambient noise has been shown to be a function of frequency, location,
depth, direction and source mechanism. The frequency dependence of ambient
noise has been studied extensively and is summarized by Urick [1984]. We consider
the frequency band between 15 and 130 Hz, referred to in the literature as the low
frequency band or low sonic band (20-200 Hz). Within this band the predominant
sources are man-made (shipping and seismic exploration) and environmental (wind
and wave induced turbulence). The importance of location is related to the
proximity of major shipping lanes and storm tracks. The difference in spectral
levels with depth is small until critical depth (where the sound speed at depth is
equal to that at the surface) is reached [Morris, 19781. Directional characteristics,
the major emphasis of the data analysis below, is far from isotropic, depending on
source distribution and relative strength, and propagation parameters such as
sound speed profile, mid-water reverberation and range dependent boundary
coefficients. The purpose of this report is to investigate the influence of local
storms on the directional spectra of low frequency ambient noise data collected in
the NE Pacific above the critical depth.

Low frequency measurements show persistent directional characteristics,
associated with distant shipping lanes and density patterns, which are smoothed hy
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environmental contributions. This dependence is manifested in vertica!
distributions as a broad, angular distribution of noise intensity near the horizontal
referred to as the ambient noise pedestal. The range of angles spanned by the
pedestal, or pedestal width, is a function of the ocean boundary and refractive
effects on propagation. The pedestal height reflects the contributions from
shipping and environmental sources arriving at near horizontal angles relative to
those arriving at higher vertical angles. Coastal shipping, narrow in frequency and
direction, and coastal storms, which fill in the spectrum, may be converted to
horizontal angles by downslope conversion [Wagstaff, 1981]. Other distant
shipping noise may be converted to horizontal angles by surface reflecting rays
which refract at a depth above the ocean floor. High latitude storms may also
contribute by means of the depth varying sound speed minimum [Anderson, I979;
Bannister, 19861. Outside the pedestal, local effects may dominate. The patterns
which reflect distant sources are confined to low frequencies and near horizontal
angles due to the relatively low attenuation for non-bottom interacting paths.

The data discussed here were recorded during September 1987 in a high
shipping density area about 400 nm west of Monterrey, CA in deep (4667 m) water.
Spectral levels are consistent with high shipping density [Urick, 1984] when the
effects of the seismic profiler operating off the California coast are removed.
measurements at 100 Hz were about 79 dB re pPa/,!Hz for low wind speeds. The
broadside beam levels at 100 Hz were about 80 dB re jPa/XiHz. These
measurements are 10 dB re liPa/v/Hz higher than those measured by Anderson
[1979] and slightly lower (3 dB) than those measured by Wales and Diachok [19811.
These levels are about the same as those measured by Hodgkiss and Fisher [1987],
however, we observed a pedestal height at low wind speeds about 10 to 15 dB
lower. For a typical measurement of 12 dB pedestal height over ±16', the power
integrated over the pedestal is 3.5 times that contained in the higher angles. Thus,
omnidirectional spectral levels would only deviate on the order of 1 dB due to the
power difference in the higher angles. Estimating levels from gray-level type plots,
it would appear that the pedestal height for data at 100 Hz measured at 30 ° from
broadside, shown by Carey, et al 11985] is 12-13 dB, whereas Wales and Diachok
[1981] measured about 10 dB. Burgess and Kewley [19851 present data measured in
the South Fiji basin, where ship trafric is light, having lower absolute levels and a 15
to 20 dB pedestal height. Since broadside levels are a function of the proximity of
shipping lanes and storm tracks, a lower absolute level is expected.

The test site 40C nm off the coast of California was affected by major
shipping lanes to the north, coastal shipping to the east and for the duratinn of the
experiment, storm tracks to the south, an area riddled with complex bottom
topography providing opportunities for downslope conversion [Morris, 19751.
Using only a vertical array, however, the azimuth of the pedestal source is not
determinable.

Although ambient noise is normally considered to exclude identifiable ship
sources, with increased directional resolution, the effect of ships (identified as
angular point sources) at times dominates the pedestal structure. Arrays with less
resolution smear these arrivals, producing a much smoother distribution. To allow
comparison, the discrete sources should be integrated. To measure the true value
of ambient noise an estimate of the level between the discrete ship sources should
be recorded (thereby smoothing over signals which are not resolved by tile present
array). At 100 Hz, the inter-ship level in the pedestal is about 78 dB re 1 Pa/\'Hz or
58 d8 re IPa/X/HzDeg for wind speeds up to 10 m/s, this level increased by several
dB at about 1500 GMT, possibly due to downslope conversion of energy from the
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approaching storm.

Surface ships at propagation (onvergence zones also present s.,rolun
directional lines which can vary rapidly with time (Figure 4.12), the magitude
changing as much as 2.5 dB/minute. A limited radar range was available during the
experiment, so ships further away than 42 km (just short of the first convergence
zone) were not logged. The strong narrow beam tignals outside the pedestal are
most probably generated by the same ship at fairly close range even though it was
not observed by radar. A surface source at a range of 27 km would arrive at the
array with one bottom bounce at +24" and two bottom bounces at -3 1 and +38 as
seen in Figure 4.12.
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4-' N,
7 I - E .

70/%_ N:

Cr 6010

S 40 1.. . . ... .. ,0.. . . . ., . a . .
-(0 60 -40 20 0 40 60 80
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Figure 4.12 Continuous directional time series. Directional spectraI levels were estimated
from consecutive 2 minute time segments over 58 minutes at 75 Hz (0.5 Hz bin width). The
time samples were recorded on Julian day 268 at 1000 GMT with a mid-array depth of 2650
m and 3 m/s wind speed. The narrow band estimates were shaded with a Kaiser-Bessel
(rI=l 5) window prior to the spatial transform (2.8 samples/degree)- The magnitude variation
of the signal -een beginning at 380 was as much as 2.5 dB/minute.

Ray diagrams are helpful in visualizing pedestal dynamics. Ambient noise
pedestal height reflects the energy trapped in the deep sound channel and pedestal
angular width is defined by the bottom grazing rays (Figure 4.13a). The structure of
the pedestal is modified by rays whi(lh reflect from the surface and whose turning
depth is above the ocean floor such that the energy is not attenuated by lottom
interaction. These rays transfer surface noise to the a:-ray increasing ti pee,4
height within a narrow band of angles, thereby producing the pedestal "ear,
exhibited at certain times. The distribution varies slightly with array depth and
with local environmental conditions which are di, uSed below.

During the passage f a storm w,,here wind speer I increased from 2 to I i
mis, the at-ray depto was varied sIt h that elements slpanled the water column fI (M
400 to 3 100 rn, albeit at different time-, The mlil-array deplths were 850 m, 13 V) m
and 2650 m. File differences, as a lui(tiori of these depths, in the directional
spectrum are expected to be small, with the pedestal width decreasing slittly
[Anderson, 19791. The range of angl(s wlih exhibhit tile pedestal characteristic'
and surface shipping "ears" vary with array depth as sho}wn in f igure 4.13a, 1) aid
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however the difference is limited to a few degrees for the range of depths
considered here. The pedestal width should decrease slightly from ±150 at the
shallow array depth to ± 11' at the deep depth, and those arrival angles containiog
surface noise from reflecting rays should broaden from -t 12* to :±15 ° at tile shallow
depth to ±60 to ±110 at the deep depth. The amount of surface noise is highly
dependent on the amount of ship traffic and its distribution and produces large
variations in the measured levels. The pedestal height, since it is relativC to 'he
high angle level, is also dependent on wind speed, decreasing as wind speed
increases. In general, the measured directional spectrum followed the expected
pattern but due to the temporal variability of ambient noise, strong discrete
sources and small predicted changes, the observed difference is not significant for
the range of depths considered. These predictions are based on the sound speed
profile at the experiment site and do not account for the range dependency of the
profile. The directional spectrum is shown in Figure 4.14 at 75 Hz for the three
nominal array depths and three wind speeds detailed in Table 4.5.

Julian GMT Wind Array I Tape
Da Speed Depth

266 15:10 low shallow 688
265 18:02 medium shallow 634
270 20:25 high shallow 914
267 13:16 low mid 736
265 08:38 medium mid 612
270 03:56 high mid 878
267 03:28 low deep 714
268 23:33 medium deep 812
269 14:04 high deep 849

Table 4.5 Vertical Directionality Data: Wind Speed vs. Depth.

The pedestal height tends to decrease with wind speed, and surface noise arrival
angle ("ears") decrease with depth, however the predicted decrease in pedestal
width is obscured. The array remained above critical depth, where other data have
shown substantial decreases (Morris, 1978], so it is not surprising that no
significant differences in omnidirectional spectral levels were observed for this
range of depths.

The frequency dependent aspects cbserved in the measured directional
spectra are a combination of effects such as frequency dependent attenuation anid
main beamwidth variability. The increasing beam width of the broadside beam
from 2.00 at 95 Hz to 5.5

° at 35 Hz (measured at the zero crossings) tends to
smooth the spectra as the frequency decreases (Figure 4.15). The smoothing
increases the appareni vidW;i cod height of the pedestal as narrow beam signals are
integrated over adjacent angles. The increase in pedestal height is also due to the
decrease in attenuation with decreasing frequency. There is also a slight increase in
the levels outside the pedestal at higher frequency about 2 dB between 35 Hz and
95 Hz as seen in Figure 4.15. The time axis in this figure also corresponds to
increasing wind speed as described in detail below. There is a decrease in the
pedestal height relative to the high angle level as wind speed increases, and the
sharp drop off occurring at 14-15' is obscured as the high angle levels increase.
The effect is more apparent in the upward looking ... gles which at high wind
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Figure 4.14 Spatial distribution of ambient noise as a function of depth. The factors impact-
ing spatial distribution with depth are due to the small variation in arrival angles of the rays
which define the pedestal shape. In general, the pedestal width should decrease with depth
and the "ears" should arrive at angles which are slightly more horizontal. Due to the temporal
variability in ambient noise and the strong discrete sources, these effects are not a significant
factor for the range of depths considered here. Specific parameters for the 75 Hz data plotted
are found in Table 4.5.
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speeds, have slightly more power than the corresponding downward angles. This
occurs because the downward looking angles receive the local surface noise via a
bottom reflection. Although this difference is small, it occurs at all frequencies, and
is measured from Figure 4.14 to be about 1 dB at 400 and about 2 dB at 70*. The
clouding of the pedestal shape is more obvious in Figure 4.16 which presents data
at a low (a) and high (b) wind speed as a function of frequency, angle and power.
Absolute pedestal levels are approximately the same for all frequencies above 25
Hz however the increase in the angles outside those defined by the pedestal at high
wind speed tends to obscure the pedestal shape. This increase is estimated at 3 to
4 dB and does not appear to be a function of frequency.

IN_ 20

30

0 l50 _
V N60

C80 W
W-~ ~ 100 W

0o_ t U-

C .5 120
- '-- .q +---+-- .-- *-- 130

-i5

0 2 4 6 8 10 12 14 16 18

TIME (hr)

Figure 4.17 Spectral levels versus time. The magnitude squared values from the 2 minute
samples were averaged across the 2 minutes and then across selected channels giving one
value for each frequency every 20 minutes for 21 hours. The averaged values were calibrated
to dB//iPa/NHz and the 21 hour mean ror each frequency was removed to observe relative de-
viation from the mean value. The data smoothed slightly by a time-corrected running mean
filter (n=4). Hourly wind speed estimates were smoothed by the same filter (Figure 4.19 shows
the original unsmoothed version). The time axis represents GMT on Julian day 257/258.

The small scale effects of wind speed dependence on ambient noise are
more easily observed from deviations about the mean levels. For this particular
data set, the wind velocity and swell height were recorded once an hour. The data
set analyzed commenced at the onset of an increase in local winds due to the
approach (>700 nm) of a hurricane shown on area weather maps. Comparing
average array spectral deviations to wind speed estimates in Figure 4.17, two
discrete level changes are observed, one occurring at approximately 1000 GMT and
the other at 1420 GMT. The increase in wind speed at 1000 GMT was caused by a
squall accompanied by gusting winds and heavy rain but lasting for only about an
hour. The corresponding decrease in spectral levels however, is shown not to
reflect local conditions but rather distant variations, by the directional spectrum
estimates of the same data set discussed below. The individual frequency data
(Figure 4.15) do show a slight increase in the high angle level at 0920 GMT with
heavy rain recorded at the local experiment site at 0916 GMT. The second level
change is caused by local events, most likely the commencement of breaking waves
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as the storm intensity increased. Unfortunately estimates of sea state, wave action,
or whitecap coverage are not available therefore it is not possible to ascertain
absolute source identification and levels. Earlier investigations have interpreted
the wind dependent portion of the low frequency spectrum in terms of the
logarithm of the wind speed as proposed by Crouch and Burt [19721;
NLf=Bf+2Onflog v where NLf is the noise spectrum level in dB re /,Pa at frequency
f, Bf is the spectrum level at a wind speed of 1 knot, nl is a coefficient determined
empirically from the data, and v is the wind speed in knots. The unexplained
discrepancy in spectrum level predicted by the coefficients estimated by different
investigations was noted by Urick [19841 and tabulated for low frequency by Carey
[19871. The plot of spectral levels vs. linear wind speed (Figure 4.18) is shown in
Figure 4.18 where the wind dependent portion of the data could be described as
those levels above 8 m/s, with spectral levels below 8 m/s dominated by distant
shipping or storm noise. Any quantitative relationship to wind speed must account
,Gr It-- r ySpr~ a.d inctantdn.Cus O cf W il- speeu. AiLiUUgn tis
data might be interpreted similarly (as a logarithmic dependence), the directional
spectrum leads to a slightly different conclusion.

Analysis of the local wind effects is separable from distant changes by
observing the directional spectrum deviations. The directional spectrum levels as a
function of time are shown at 55 Hz in Figure 4.15b. Carefully scrutinized, this data
shows a decrease in relative pedestal height as time and wind speed increase. By
selecting specific directions, the small scale variability is evaluated. These
directional data are displayed in Figure 4.19 for which 4 of the beams point more
toward the horizontal and are influenced by distant sources, and 4 of the beams
reflect local sources, pointing toward the higher vertical angles. The beams at 500
and 800 are plotted with the corresponding downward looking beams at -50 ° and
-80'. The mean difference is seen to be only 1 dB indicated to the right of the beam
plots, increasing slightly at higher wind speeds for the 800 beam. The ray diagram
corresponding to the 4 pedestal beams and the 500 beam is shown in Figure 4.13d.
The decrease in spectral level between 1000 and 1400 GMT (Figure 4.17) is seen to
be confined to the horizontal beams indicating that it is a distant effect. The
presence of complicated bottom topography in the area of the hurricane track may
account for the increase in horizontal beams at 1400 GMT which would reflect long
distance variations. However without supporting data, changes in the distant
shipping profile or energy from a high latitude storm cannot be discounted.
However the increase in level at 1420 GMT is a local effect with the higher vertical
angle levels increasing suddenly by as much as 5 dB. This effect is aFparent at all
frequencies and the abruptness of the change would incicate the onset of an
additional source mechanism. The broad band frequency and spatial qualities of
this change indicates that the mechanism is not system induced noise (array strum,
FI.P noise). A second, broad band increase of smaller amplitude is seen at 1620
GMT which is more distinct at lower frequencies. Is this indicative of a change in
source mechanism, for instance from spilling breakers to plunging breakers?
Although preliminary simulations in the spectra of noise generated by breaking
waves implies that plunging breakers drops off below 90 liz [Papanicolaou and

Raichlen, 19871, investigations in the area of wind induced noise niechanisms is in
its infancy and future work may support the implications of the data presented

here, that these noise mechanisms produce discrete changes in spectral values as
opposed to a continuous function.
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Figure 4.18 Spectral levels as a function of linear wind speed. Spectral levels at 6 different
frequencies (2 low, 2 mid and 2 high) are plotted as a function of wind speed. Any quantita-
tive relationship to wind speed must account for the relatively sparse and instantaneous esti-
mates of wind speed. The specific frequency is notated in the corresponding panel. The
number in each panel at the 0 dB mark is the normalization factor in dB//g.a/4Hz.
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Figure 4.19 Directional time series. Specific beams are displayed with time at 55 Hz. The
top 4 beams (2, 8, 14 and 20 0) are influenced by the ambient noise pedestal which is caused
by distant sources. The bottom 4 beams (50, 60, 70 and 800) are affected by local sources.
Two downward looking beams (-50 and -80*) are also shown. The number to the right of the
beam is the normalization factor (downward looking beam normalization factor below). The
number after the beam direction is the EBW.
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4.6. CONCLUSIONS

Prior to interpreting the ambient noise data, several factors relating to tile
quality of the data set were considered. The data were shown to be independent
samples of a stationary Gaussian process for the time intervals used in the analysis.
The impact of array calibration errors, sidelobe leakage, mechanical vibration and
array shape was shown to be either negligible or predictable, affecting a isolated
portion of the data set. Simulations indicated that for tile majority of the data,
measured spectral levels were not contaminated by array sidelobe leakage.

Ambient noise levels presented were reasonable for an area of high
shipping density. The angular resolution of the array emphasizes the fact that
much of the energy in the ambient noise pedestal is du- to discrete sources (ships)
which are smoothed by wider beams. Directional spectral levels did not vary
significantly as a fumicticn of depth, not an unexpected result for the range of
depths considered. Omnidirectional levels at low frequency are a function of
processes besides local environmental changes thus directional data should he
utilized in estimating wind induced noise levels.

Low frequency spatial distributions of ambient noise as a function of wind
speed suggest more than one mechanism and display threshold type behavior
observed previously [Carey, 1987]. The high wind speed domain (>10 m/s)
demonstrated abrupt level changes, for beams outside the pedestal, corresponding
to possible source mechanism onset, such as the commencement of breaking waves,
or a change in source mechanism such as the conversion from spilling breakers to
plunging breakers. This hypothesis cannot be substantiated due to lack of
supporting environmental measurements, however because the array data represent
continuous samples of the ncise field throughout the storm, the level changes are
significant relative to the variability of the ambient noise field with time. These
level changes, as much as 5 dB, were observed at all beam directions outside the
ambient noise horizontal pedestal and at all frequencies processed between 15 and
130 Hz. The increase in absolute pedestal level and the increase observed in the
near horizontal beams is a possible indication of downslope conversion of storm
noise, but without azimuthal directivity, other possible mechanisms (coastal
shipping variation, high latitude storm effects) cannot be ruled out.
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APPENDIX A: ELEMENT AND PROCESSOR IDENTIFICATION

Element Identification: Identification of the hydrophone elements varies
with the associated stage of array fabrication. Tables A.1 and A.2 illustrate the ID
cross-reference for the vertical deployment during t',c 'VLA1 experiment in Sep-
tember 1987. The first column results from the 'at sea' configuration recorded on
magnetic tape, the second column refers to the laboratory array test setup, the third
column is the identification scheme used during hose fabrication and testing, and
the fourth column lists individual element numbers. Channel numbers represent
the order in which the data was recorded on magnetic tape throughout the experi-
ment. The channels are numbered from the bottom or physically deepest phone (#
1) to the top phone (# 120) which was closest to FLIP, the phase-reversed channels
are indicated. The ID is referenced to a particular processor. P1 is the deepest pro-
cessor which collects data from 5 phones below it (channels 1-5) and 5 phones
above (channels 6-10). The H designation refers to the acquisition timing. The data
from each 10 channel P-section are stored as equally spaced time multiplexed sam-
ples, starting with HO. The clocks are resynchronized every 2 ms with a pulse gen-
erated in the array telemetry module. This results in a phase shift of Wnr where '.) is
the frequency, n is the channel position Hn, and 7 is the 0.2 ms sample frequency.
The effect of this phase shift on the beampattern is significant as frequency
increases (Figure 3.15c). The hose designation identifies which physical hydro-
phone hose section was being sampled. The hose sections are identical facilitating
construction, testing and maintanence, and were tested individually in the labora-
tory prior to array installation. The lab test results are summarized in the last three
columns; 100 Hz level is the amplified output of the differentially received line
driver in dB refercnced to the signal injected electronically at the hydrophone, low
and high -3 dB are the frequency cutoff points in Hz. The phoneid identifies the
individual phones prior to installation within the hose section.

Processor Identification: The processors are identified with a software ID
and a hardware ID (Table A.3). The software ID reflects the physical position the
processor claims within the array and is programmed as such in the EPROM. Each
processor transmits the data sampled during a 2 ms frame within a time window
dictated by its software ID. This ID may be reprogrammed by the operator and will
have the effect of changing the position of data transmission window for the speci-
fied processor. The hardware ID is hardwired for each individual processor, provid-
ing a fixed ID reference. The bit stream location refers to the processor data loca-
tion within a 2 ms frame of data. The contents of the 8 locations assigned to each
processor varies with the commands the processor receives [Sotirin and Hildebrand,
19881.
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channel ID hose phone 10Hz low3db high3db
D level Hz HZ

I Pi9 2 i96 -1.2 6.4 214
2 P1118 20134 197 +0.7 4.0 220
3 PIH7 20133 198 -1 2 5.8 216
4 P 116 20132 199 -07 5.1 221
5(-) P1115 20111 200 -01 4.6 15.0k
6(-) P1114 12AI 111 +0.3 3.9 14.6k
7 P1113 12A2 112 +02 4.7 226
8 P1112 12A3 113 +0.1 5.2 217
9 P1111 12A4 114 +0.2 4.5 225
10 PI HO I2A5 115 +0.4 4.6 232
11 P2119 12R5 116 +0.1 44 ''

12 [2H8 1284 117 0 4.8 240
13 P2117 1283 118 +0.1 4.4 211
14 P2116 12132 119 -O1 4.8 204
15 P2115 12131 120 -1.2 5.1 152k
16(-) P2114 19A1 ISI -0.4 6 1 14.7k
17 2113 19A2 182 +0.1 4.6 217
18 P2112 19A 3 113 +0.2 4.9 223
19 P2il 19A4 184 -0.8 55 220
20 P2T) 19A 1W5 -06 6.3 221
21 (-) P3119 19135 1S6 -0.3 4.5 230
22 (-) P3118 19104 1V -0 3 4.7 223
23 P3117 19B13 188 -0.6 5.3 217
24 P3116 19B12 199 -08 5.3 218
25(-) P3115 19131 190 -06 4.7 15 3 k
26 P3114 16AI 151 -1.1 5.2 15.0k
27 P3113 16A2 152 -0.6 4.7 220
28 P3t12 16A3 153 -0.4 4.8 211
29 P3ill 16A4 154 +03 4.6 230
30 PHt0 16A5 155 +04 4.4 229
31 P4119 16115 156 0 5.0 225
32 P4118 16114 157 +0 I 4.7 224
33 P4117 1613 158 0 4.9 223
34 P4116 16132 159 -0.7 5.5 218
35 (-) P4115 16111 160 -07 6.0 14.1 k
36 (-) P4H4 I AI 101 -0.5 5.0 14.3 k
37 P4113 11 A2 102 -0.5 5.0 220
38 P4112 IIA3 103 -0.7 4.6 217
39 P4111 1A4 104 0 4.3 227
40 P4110 IIA5 105 0 4.9 225
41 P5F19 11135 106 +0.3 4.5 231
42 P5118 114 107 +0.1 4.5 220
43 P51-17 11133 108 -0.4 4. 220
44(-) P5116 11B2 109 +0.1 4.8 223
45(-) P5115 11131 110 -0.2 4.3 14.6k
46(-) P5f14 7AI 61 -0.3 4.2 15.3k
47 P5113 7A2 62 -0.3 4.7 216
48 P5112 7A3 63 1 -0.3 42 218
49 P5111 7A4 64 - 0.3 46 222
50 P5110 7A5 65 -0.3 4.0 214

1 (-) P6119 7135 -- -0.4 5.0 211
52 P6118 7114 67 *02 4.7 214
53 P6117 -7B3 6 -0.3 5.8 217
54 P6116 7132 69 0 4.1 216
5 (. 115 7111 7-0.3 47 15.2k

56 (-) P614 5AI 41 -0.3 4.4 14.2 k
57 P613 5A2 42 +0.5 4.0 220
58 P6112 5A3 43 -0.1 4.8 220
59 P6111 5A4 44 0 3.8 210

60 MH1 5AS 45 0 4.5 225

Table A.1. Element identification for channels 1-60 1987.
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channel ID hose p hone 1 10011z low3db high3db
ID level H2 H-Z

61 F/T9i 3B3 46 0 4.8 222
62 F7H8 5B4 47 +0.3 4.4 223
63 P717 5B3 48 -0.2 5.0 226
64 (-) P7116 5132 49 +0.1 4.0 226
65 P7115 51 50 -0.4 4.2 15.2 k
66(-) P 7114 2A1 0 -0.6 4.7 14.5 k
67 (-) F7113 2A2 0 -0.6 5.9 228
68 P7112 2A3 13 0 3.7 230
69 (-) P7111 2A4 0 -0.6 3.7 201
70L(-) P7140 2A5 0 -0.1 4.9 217
71 (-) P8I9 2135 0 -0.4 6.0 219
72 (-) PSH8 2134 17 -0.5 4.6 W5
73 (-) P8117 2133 0 +0.4 4.3 235
74 P8116 2132 212 -0.2 4.6 228
75 (-) P8115 2131 0 0 5.8 14.8 k
76(-) P884 13AI 121 -0.3 5.1 14.9 k
77 (-) P8I13 13A2 122 -0.7 5.1 210
78 P8112 13A3 123 -0.8 5.3 218
79 P8111 13A4 124 -0.8 5.6 219
80 P8110 13A5 125 -0.7 5.7 212
81 P9119 1315 126 -0.4 4.8 225
82 P9118 13134 127 +0.5 4.8 219
83 P9H7 13133 128 +0.5 4.6 230
84 P9H6 13B2 129 -0.8 5.4 212
85 (-) P9H5 13BI 130 -0.5 5.1 14.8 k
86 (-) P91]4 17A1 161 -0.6 5.6 13.9 k
87 P9113 17A2 162 -0.6 5.0 215
88 P9H2 17A3 163 -0.4 5.0 211
89 P9HI 17A4 164 -0.5 4.9 214
90 P9110 17A5 165 -0.5 4.9 217
91 PIOH9 1785 166 -0.7 5.2 217
92 PIO18 17B4 167 -0.6 5.0 224
93 P10117 17B3 168 -0.7 5.1 223
94 P10116 17B2 169 +0.7 4.1 226
95 (-) PIOH5 17BI 170 -0.6 4.6 14.26 k
96(-) PIOH4 14A1 131 -0.4 4.3 14.8k
97 PIOH3 14A2 132 +0.7 4.4 232
98 PIOH2 14A3 133 -0.7 5.3 216
99 PIOHI 14A4 134 +0.2 4.6 226
100 PIOHO 14A5 135 -0.1 4.9 220
101 PI I H9 14B5 136 -0.5 4.9 227
102 PI1H8 14B4 137 -0.3 5.1 220
103 - PIIH7 14B3 138 -0.1 4.6 218
104 P11H6 14B2 139 +0.4 4.4 240
105(-) P 115 14BI 140 0 4-5 15.5 k
106(-) PI1H4 4A) 31 -0.3 5.0 15.8 k
107 P1IH3 4A2 32 +0.4 4.5 230
108 PIIH2 4A3 33 0 4.4 234
109 PIIHI 4A4 34 -0.1 4.9 223
110 PIIHO 4A5 35 -0.1 4.8 231
III P12119 485 36 +0.2 4.6 225
112 P12118 4114 37 +0.3 4.0 231
113 P12117 483 38 -0.3 4.2 219
114 P12H6 4B2 39 0 4.7 223
115(-) P1215 4BI 40 -0.5 5.0 15.6k
116(-) P12H4 21AI 201 -0.6 8.2 15.6k
117 P12H3 21A2 202 -0.5 5.1 222
118 (-) P12H2 21A3 203 +0.2 4.5 226
119 P1211I 21A4 204 -0.6 6.5 211
120 P12H0 21A5 205 -1.1 6.2 215

Table A.Z. Element identification for channels 6 1-120.
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Hose Processor Bit Stream
# SWID HWID Location

** F P ***

Adaptor

21B

21A
12 6 91-98

4B

4A
11 14 83-90

14B

14A
10 13 75-82

17B

17A
9 11 67-74

13B

13A
8 15 59-66

2B

2A
7 7 51-58

5B

5A

7B 6 10 43-50

7A
5 16 35-42liB

IIA
4 12 27-34

16B

16A
3 3 19-26

19B

19A
2 C 11-18

12B

12A
1 8 3-10

20B

20A

Terminator

Table A.3. Processor Identification - September 1987.
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APPENDIX B: ARRAY BEAMPATTERN

The directional characteristics of the array may be used as an indicator of the
robustness of coherent processing schemes when confronted with random errors in
amplitude shading and phase response. The expressions are also useful in evaluat-
ing the effect of modifying array design parameters eg. number of elements and
element separation. Generation of the array beampattern follows a similar develop-
ment to that described by Stutzman and Thiele [19811. The array is an equally
spaced li, ear array with 10 elements per section and 12 sections per array.

The hydrophone response is omnidirectional and is designated as A,=A, ... AI
where N is the number of elements. A beampattern in terms of angle of arrival 0 is
calculated by summing the phase corrected response for each element to an incom-
ing plane wave; this pattern is. referred to an the array factor when it is expressed
in terms of phase angle P described below. The phase of the incoming wave arriv-
ing at the middle of the array is arbitrarily set to zero. The phase of the incoming
wave arriving at the element just below the middle is delayed by a factor which is
proportional to the distance traveled by the wave (1/2)dcoso - such that for thisX 271

element -2r(d/2)cs where d is the distance between elements in meters, x is the
wavelength of the incoming wave, and o is the angle of arrival of the incoming wave
where a wave arriving normal to the array has an angle of arrival of -- radians. The

2
phase of the incoming wave arriving at subsequent array elements is calculated
similarly thus:

N I jk(n - I)dcoso

AF= Ae 2

n-O

where k = wavenumber = 2 and the index n is initialized to 0 at the top element ofX

the array. By assuming that the amplitude response is identical for each element,
the array factor may be written in closed form which permits evaluation of specific
beampattern parameters by inspection. With P defined as b = kdcoso and by assuming
that the elenienc amplitude response is ,_,aal to A, the array factor becomes,

-J -0 N-1

AF =Ae 2 E N-

Although the above equation could be evaluated using Fourier series in terms of 6,
the beampattern is normally plotted in terms of o, the angle of arrival. Manipulating
the summation:

A F = A e J 
- '-  I - 2 l eJeN ,/

2  eJNf/ - -e JN f2
1- eJ' - Ae 'f -~j/e[ e -)012 c0/2 - e g /2

Ac" I  
N

N
L ____

s ( )sin( sil

N I
The array factor may be normalized by the maximum response A V' = AN at ,,=0

1 13
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resulting in an expression which is symmetric about

sn i(N'/2) smi((Nkd ose/)2)
AFm~rmalizr,= f NwM(.1/2) N sin((kdcosu)/2)

The main beam width and number and location of the sidelobes are easily
evaluated from the closed form notation. The width of the main lobe may be meas-
ured by the position of the first zero crossing which occurs when sin(No/2) - 0, or ^

2 /N. This occurs at o = arccos(--). A rule-of-thumb, using a small angle approxi-

mation, is that the mainlobe width - 2 * (,/4 - d) = 2 * arcsin( x/r) = 2x/r, where j is
the array aperture Nd, and to half power is 0.886x/i. For the array at 100 Hz, x = 15
meters, d = 7.5 meters, N = 120 and the first zero crossing occurs at .,- ± 'T/60 or,,
= ;-/2 ± 0.0053,r yeilding a main beam width measured at the zero crossings of 1.9'
which corresponds to a half-power beamwidth of less than 10. Subsequent zeroi2'r hsin iae
crossings define the widths of the sidelobes and occur at 6, - . This indicates

that for one period of f(,.) there are N-2 sidelobes plus onc mainlobe, that the width
of each sidelobe is 2,/N. and that the width of the mainiobe is twice that or 7/N.
The array factor response pattern of an equally spaced linear array is independent
of the incoming wave frequency and of the element spacing. It is dependent only
on the number of elements in the array N. The beampattern is not however, and in
terms of o, further inspection indicates that as the aperture Nd increases (this
parameter may increase with the inter-element spacing or with the number of ele-
ments) or the frequency increases the number of sidelobes increases, the width of
the sidelobes decreases, and the width of the mainlobe decreases. The mainlobe can
be thought of as a spatial sampling instrument whose bandwidth is 2./r. The finest
angular resolution of the noise field that can be achieved then is related to the
array aperture size in terms of the mainlobe width. This angular resolution, termed
the critical angle is half the mainlobe width or o = x/r.

The beampattern of a vertical linear array is a function of elevation angle 0 but
not of the azimuthal angle. Thus the beampattern exhibits clyindrical symmetry
about the line of the array, and it is completely determined for 0 < 0 < 7 or -1 < cos
t, < 1. This region, known as the visible region, is described in terms of 0 as -kd < c
< kd. Interpretation of directional data is facilitated with an intuitive understand-
ing of the mapping between electrical phase and physical phase o. If the element
response is linearly phase-shifted electronically to redirect the pattern in space, the
phase-shift factor, is additive redefining the visible region as , - kd < 0 < a + kd. The
array described was cut for a x/2 spacing at 100 Hz of 7.5 meters between elements.
Therefore at 100 Hz, exactly one period of the array factor appears within the visi-
ble region. At 50 Hz, only half a period is visible; in terms of steering the main
beam as shown in Figure 3.14, as .;, is increased beyond the visible region, the main
beam disappears and only the side lobes of the array remain directed toward real
space. Increasing the frequency to 200 Hz, two periods are visible giving rise to the
grading lobes, which are at the same magnitude as the main beam, at 0 and 180
degrees for a broadside beam. These grading lobes restrict the ability of the array
to discriminiate between signals arriving at different angles.
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Appendix C

NAVIGATION SOFTWARE FOR THE MPL VERTICAL LINE ARRAY

C. 1. ABSTRACT
This report describes the navigation software and demonstrates its

operation using data obtained during an experiment in which a large aperture low
frequency acoustic array, designed and built at the Marine Physical Laboratory
(MPL), was deployed vertically from the Research Platform FLIP in the NE Pacific.
The array was equipped with a 12 KHz acoustic navigation subsystem. Travel time
measurements from near bottom acoustic transponders of known position were
received by specific array elements throughout the deployment. These
measurements were converted to spatial positions of the array elements by a
nonlinear least squares technique. The data collection methods and navigation
software programs which locate the transponders, calculate the travel time from
detected returns and convert travel times to spatial positions are documented.

C.2. INTRODUCTION
A high frequency acoustic navigation system is an integral part of the large

aperture vertical array deployed in 4700 m of water in the NE Pacific during
September 1987. Navigation is defined in this context as the process of locating
individual elements of the array in 3-dimension space at any particular time. The
method implemented in the array involves a transceiver near the ocean surface
which sends unique interrogation signals that are detected by bottom moored
transponders who reply with a pulse at 12 KHz. This reply is monitored by the
array and the time delay between the initiation and reception of each of the pulses
is calculated. Knowing the sound speed in the water column, and the location of
the transceiver and the transponders, this travel time defines a slant range between
each array receiver and each bottom transponder. A slant range from a known
point (a transponder) describes an sphere of possible receiver locations.
Intersecting spheres described by the slant ranges from three known points
identify a single location if there are no errors. Because there are always sources of
error in real data, a least squares filter is implemented to approximate the location
by minimizing the squared difference between the calculated and measured values,
which defines the error in the assumed position. This report documents the data
collection methods and the navigation software used to locate 12 array receivers
during the September experiment. The array itself is documented in [Sotirin et al,
1988] and [Sotirin and Hildebrand, 19881. The array navigation system, least
squares filter and navigation data analysis are documented in [Sotirin and
lildebrand, 1989].

The navigation processing is separated into three programs. The first
program locates the bottom transponders. The second program calculates travel
times from a continuous recording of the 12 KHz detected returns for each
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navigation receiver. The third program uses the travel times and transponder
locations output from the first two programs to estimate the spatial positions of
the receivers using a non-linear least squares filter. The logic flow and
input/output files are detailed for each program in [Sotirin and Hodgkiss, 1989].

C.3. TRANSPONDER LOCALIZATION

The transponder positions must be surveyed to acquire the location
parameters defining the transponder net which are ultimately used to navigate tile
array. Due to errors in the measured data, an estimation technique (least squares)
must be implemented. Due to the nonlinear conversion from travel time space to
xyz positional space, the least squares method proceeds iteratively. A data set is
obtained containing spatial positions and travel time measurements. If all
parameters were known exactly, the travel times calculated using the spatial
positions and the measured value would be identical. This is obviously not the case,
and the difference between the calculated and measure(] values defines the error in
the assumed position which is minimized during the iteration. Transponder
positions with accuracies of less than a meter are achieved by this method. The
description below details the data collection, the program inputs, the least squares
implementation, and the resulting transponder positions.

C.3.1. Data Collection

The input data set for the least squares iteration requires initial spatial
positions of the transponders and transceiver in meters from an arbitrary origin,
and slant ranges between the transponders and transceiver. The data collected in
the form of travel times and Global Positioning Satellite (GPS) fixes are transformed
into the input parameters required by the least squares filter. GPS fixes are
converted into initial xy positions in meters from an arbitrary origin. Travel times
are converted to slant ranges with knowledge of the local sound speed profile. The
travel times required are normally recorded during an intensive surface ship survey
during which the ship criss-crosses the area in which the transponders were
deployed recording the travel time data and GPS fixes for its own position. [Spiess,
1985], [Smith et al, 19751 A transceiver is either hull mounted or towed on a short
line such that its position relative to the ship is known. The transceiver sends a
continuous stream of unique transponder interrogation pulses, and the transponder
replies are recorded while the ship criss-crosses the area. Using this method, a
series of travel times are obtained from a wide variety of ship positions. As the
ship crosses over the top of a transponder, an estimate of transponder depth is
acquired, and as the transponder baselines are crossed, intertransponder distances
are defined.

During the September experiment, although travel times were recorded as
described, the 12 KHz receiver was deployed on a 200 In line due to the noise level
of the ship. This introduces the interrogator/receiver depth as an unknown
defining an underdetermined set of equations which cannot be solved for a unique
solution. Since the measure'ments described above were not sufficient for the
transponder survey, the travel time data collected by the navigation equipment
installed on FLIP were utilized instead. II is is unfortunately not an optimum
choice of observation conl gu rations {Spies',, 19851 so the results of several
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simulations devised to assess the effect on tile estimated positions are also
presented. The horizontal motion of FLIP was constrained by a three point moor.
The FLIP data set provides sufficient range information but the azimuthal
component was not well constrained. The vertical component was estimated from
the echo sounding depth at FLIP and apriori information that the sea floor in the
experiment area was relatively flat. The inputs used to locate the transponders are
the vertical sound speed profile in the test area, the initial xy positions of FLIP from
the arbitrary origin, the depth of the interrogation transponder hardwired to the
FLIP, the slant ranges from each transponder to FLIP as determined by chart
recorder traces and associated errors, the initial transponder xy positions from the
arbitrary origin using the satellite fixes and the transponder depths.

The initial GPS positions in latitude and longitude are converted to xy
distances in meters from an arbitrary origin. For the September experiment, the
origin was chosen as 340 47' N, 1260 00' W, with x increasing positively toward the
east and y increasing positively toward the north. A GPS position of the ship is
recorded during each transponder deployment. The transponders have 45 kg
negative buoyancy when they are deployed from the fantail of the surface ship to
insure that the GPS position of the ship is an accurate initial position of the actual
transponder position on the sea floor. Latitude and longitude for each set of travel
time measurements (one measurement from each transponder) are also converted
to m to provide the initial estimate of the transceiver position during the survey.
The 'survey' from FLIP had such a limited range that the same initial position was
used for all measurement sets. During a normal ship survey, travel time data is
collected from a large variety of horizontal positions and individual initial positions
are important. If GPS positions are not available, a technique detailed in [Sotirin and
Hodgkiss, 1989] may be used to estimate the initial position from the measured
travel time data. Positions in latitude and longitude were converted to meters by
calculating the radius of the earth at the position using the following equations
[Stacey]:

x = r, 6(lat) , y = r. cos(lat) 6(Iong)

r= a ( 1-. f sin 2(lat)), f = a- c

where x is the E-W distance in meters of the position from the origin, y is the N-S
distance in meters of the position from the origin, rp is the radius of the earth at
the position latitude, 6(lat) is the difference in latitude in radians between the
position and the origin, 6(Iong) is similarly the difference in longitude, lat is the
latitude of the position, a is the equitorial radius of the earth in meters and c is
similarly the polar radius.

The conversion between travel time and xyz positions requires knowledge
of the sound speed profile at the experiment site. The local sound speed profile
was calculated from measurements of conductivity, temperature and depth. Travel
time deviations due to the variations within the thermocline and to refraction of
acoustical energy were shown to be negligible for this experiment therefore a
constant sound speed (harmonic mean) was used for the conversion [Sotirin and
Hildebrand, 1989].

The travel time measurements used for transponder localization were
collected by transmitting the transponder interrogation signals from FLIP once an
hour for 18 days and recording the returns on a chart recorder. The transceiver is
mounted on the bottom (90 m in depth) of FLIP and the pulse level is adjusted

137



B. J. Sotirin

manually above the ambient noise for consistent transponder replies. Round trip
travel times for navigating FLIP are measured carefully by hand on the chart
recorder output with an estimated random gaussian error of 2-3 ms. The chart
recorder trace, set on a one second sweep rate, records the filtered 12 kHz (500 Hz
bandwidth) replies received from the transponder being interrogated (Figure Cl)
delayed 6-7 seconds from the interrogation pulse. Each transponder is interrogated
individually by transmitting its unique signal, triggered by the chart recorder, once
per second for 45 seconds, and notating its reply on the chart by sweep number
with color-coded pens (red, green or blue). The figure shows the direct and
multipath (surface/bottom bounce) returns for each transponder. Differentiation
between the surface and bottom bounces is difficult because the FLIP transceiver is
the same distance below the surface as the transponder is above the sea floor. The
direct return from the red and blue transponders is strong and consistent. Several
error modes are evident in the returns from the green transponder however. The
sporatic direct return of the green transponder (Gd) is caused by the transponder
detecting either the surface or bottom bounce of the transmitted signal. The error
was attributed to the transponder because the same transceiver system detects the
returns from all transponders and this type of error was not evident on all
transponders. Detection of the multipath arrival of the interrogation pulse delays
the arrival of the transponder direct return such that it arrives at the same time as
the multipath return of a direct interrogation pulse (G, I). The multipath return of
the multipath interrogation arrives 120 ms later (G,, 2) clearly identifying the first
error mode. The second error mode of the green transponder is displayed as the
smaller perturbations in the time of arrival of the G4 return. It is more difficult to
identify because the deviation from the true return is smaller (although still
significant) and not as consistent as the first type of error. These error modes were
identified during about 20% of the experiment at random intervals, causing concern
during array detection post-processing discussed in the next section.

C.3.2. Software Implementation

Once the ingredients for the least squares method have been accumulated.
all xyz positions are adjusted until the root mean squared (rms) error satisfies the
convergence criteria. This is accomplished in several parts by first maintaining
constant transponder positions and perturbing the FLIP positions, then holding the
current FLIP positions constant while perturbing the transponder positions, and
finally examining the mean squared error of each FLIP position to determine
whether it should be preserved as a viable contributor. A general outline of the
method is presented in Figure C.2 and discussed below. This is followed by a
detailed description of the conversion from travel times to slant ranges and spatial
positions.

The program consists of three concentric stages, the first stage adjusts the
xy positions in two inner loops each testing the rms error against specific
convergence criteria for the least squares filter, the second stage tests the total
transponder rms error against a second set of convergence criteria, and the third
stage tests yet again. The three stages are referred to within the software as stage 1:
xpfil, stage 2: xploop and stage 3 xpmain. The two first stage loops shown in Figure
C.2 have similar internal operations. The measured travel times, sound speed
profile, FLIP depth and transponder deptlis are considered known, while the xy
positions of FLIP and the transponders are coTtsidered unknown. The measurIf
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travel times are converted to slant ranges by multiplying by the harmonic mean of
the sound speed profile. This slant range is projected as a horizontal range and
compared to the range calculated from the xy positions. For the first loop, the
squared difference between these two ranges are summed over the number of
transponders for a particular FLIP position and the square root is taken to yield the
rms error. If the rms error does not satisfy the convergence criteria, then the FLIP
position is adjusted and the loop repeats with the adjusted position. The
adjustment is calculated with the search direction as the negative gradient and the
step size as a constant (1.5 m) unless the rtns error is less than 1 m at which time
the step size begins to decrease; as the minimum is approached, the step size is
calculated as a function of the percent change in interated rms error. The
convergence criteria for the first stage loops are defined such that an absolute rms
error less than 0.15 m, a 0.015 percent change in the iterated rms error, or a
maximum number of iterations (30) will terminate the loop and save the current
position. These criteria test each adjusted position individually. The first loop is
repeated for each FLIP position. The second loop of the first stage performs the
same cadence maintaining the current FLIP positions constant while adjusting the
transponder positions. The rms error is calculated over the number of FLIP
positions, and evaluated using the same criteria. The second loop is repeated for
each transponder position. In the second stage, these two loops are initiated again
based on the percent reduction (< 0.35%) in the transponder rlns error summed
over all transponders and total number of iterations (> 30). Upon completion of the
first two stages, the rms error for all the transponders is calculated and evaluated
according to the following criteria:

1) The rms error * X/number of FLIP positions is < 1.0.
2) The percent reduction in rms error is less than a specified value (0.1%).
3) The absolute rms error is less than a specified number (0.75).

If the rms error satisfies any of the above criteria, the current positions are written
out and the program is terminated. If the rms error does not satisfy any of the
above criteria, then the rms errors associated with each FLIP position are examined
and any position with an error greater than the transponder rms error times a user
specified value (default=2) is deleted from the array and the entire process begins
again. The rms error is initialized to 10000 prior to each loop/stage so that unless
the absolute error is small, the loop/stage will always be executed more than once.

The conversion from travel time to slant range and the spatial position
adjustment is straight forward and executed within the subroutines xxcor and xpfil.
The program originates with the Marine Physical Laboratory's DEEPTOW group and
has been in existance since the late 1960's. The version documented here is the
most recent in a long series and, unfortunately, every programmer has left a mark.
Consequently, the subroutines each have unique variable names for the parameters,
increasing the confusion in documentation. The text below attempts to maintain
the variable names within the subroutines specified. The travel time to slant range
conversion is computed in xxcor. The measured information is input to the
program as a slant range assuming a homogeneous medium with a sound speed of
1500 in/s. This is not normally the case, and for the Septeller test the sound
speed profile was measured and input as a data statenent in xxcor into the array
vdp as a horizontally stratified mnediurn. If sound speed corrections are requested
by the user, the input slant ranges are converted back to the original time
measurement (t) and the slant range contribution lor each sound speed layer is
summed, returning the (orrected slant range (xnew). It the slant range is a depth,
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for example, the summation statrts at the surface and sums the contribution in ea h
layer until the accumulated time (t,) is equal to the measured travel time. This is ani
implementation of the following equat ion in which x is the corrected slant range:

\ * / * l

f dz
C(Z)

where in terms of the subroutine, z,, = xdepth - 0. Zr = z is the unknown dept h.
C(z) = v is the sound speed in the layer, and dz = deltad is the layer depth. Wheni
the unknown is a slant range, the implenentation is an approximation to the above
equation (where dz is the slant range component in the layer assuming the laun(h
angle is constant) which is accurate h)r the configuration of the data set considered
for the September experiment. Errors in( rease as the horizontal range or projection
(defined below) of the slant iange increases however, s) for larger scale
experiments a more accurate inpleineitation is advised.

Once the slant ranage has heen calculated, the conversion to spatial
coordinates is visualized as the geometric relationship between the transmitter (I
subscript) and receiver (r Subscript)

I

slant range I(x,- x,)- - (Y, Y,)' ( z ,) 2 
12

Because the error in the depth parameters are small compared to the horizontal
parameters, the slant range is projected onto the xy plane prior to the adjustment
(Figure C.3):

horizontal projection -[(slant range) 2 - (z, - z,)2] 2 -  [(x, -- x , ) 2 ±(Y' . )

The left half of the equation is calculated in xpread, CRANS(NTR,NPOS) = (S 2-D 2 ) 2
where NTR = the number of transponders. NPOS = the number of FLIP positions, S
= slant range between a position and a transponder, D = transponder depth - FLIPl
depth, and passed into xpfil as an array IIRAN which is redefined within a loop as a
va11dble HH. The rI ht half of the equation is calculated in xpfil, RNGtC

' (XDIFF)? +. (YD!F) 2 . %vhete XDII F XG Xf(NI)A T). YI)11 YG YF(NDA T).
(XG, YG) are the xy positions being interated, (XF, YF) are the fixed positions
indexed over NDATA data points, and the error ERR, summed over the number ol
fixed positions, is (RNGLC- tlI)K .

The adjustmnent is ( ]IIICiated using tile Steepest descent method to
finimize the error by following{ tle, i1,il squared error gradient to a minimUmll, 1or

known transponder positions and the x-dire(tion, the perturbed position is:

NPA I A

V(; kX. h 1RR (NDA 1)

where hi is the step slit'. 'Ind IR is the negative derivative of the error fut ion11
with respect t"i XG. the \ lii etiuti ailjustinent is calculated similarly. IIeh errot
(heii\ative cxpalhls to
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ERR'= d(RNGEC-HH)= 2(11[l - RNGEc) d(XDIFF2 + YDIFF2)2

dXG dXG

(HH - RNGEC) d(XG-XF 2 =RATIO*XDIFF
RNGEC dXG

where RATIO = (HH -- RNGEC)/RNGEC, and the constants are absorbed by the step
size h.

C.3.3. Simulations

Several simulations of the array navigation system were conducted to
examine the sensitivity of the estimated transponder positions to errors in travel
time measurements and initial positions. The spatial configuration used closely
resembles the experimental set up of the September sea test as shown in Figure C.4.
The transponders and FLIP were initially assigned to known positions with
determined slant ,anges as shown. Two simulations were conducted to illustrate
the transponder position response to errors; two other simulations were conducted
to show the effect of transponder and FLIP positional errors on the estimated array
positions and are presented in [Sotirin and Hildebrand, 1989]. The result of the
first simulation was the 3D error surface for various parameters. The second was a
Monte Carlo simulation of the initial transponder positions. The simulations
provide an understanding of the effect of the unconventional survey data.

To examine the error surface for the least squares configuration used in the
previous section, specific model parameters were perturbed systematically. The
error is the rms value of the differences between the slant ranges based on the
travel time measurements corrected for sound speed deviations (Eq 1.1 dividing
through by c) and those calculated from the spatial positions of the transponders
and FLIP which were output from the least squares filter. Ideally this produces a
single well-defined minimum for which the optimization method searches. This is
not the case in many real applications however, and the possibility of local minima
and/or a broad global minimum should be investigated. The inverted error surface
for perturbations in the horizontal positions of the blue transponder is shown in
Figure C.5. It exhibits a narrow channel of local minima which appear as a ridge
plotted as the negative logarithm of the error against the perturbation amplitude in
x and y position. The ridge is orientated perpendicularly to the FLIP/transponder
range direction indicating that the azimuthal component is not well constrained.
Perturbing the horizontal positions of the other transponders produced similar
results.

The system displays a sensitivity to initial positions which is shown to be
an artifact of the limitations in the FLIP 'survey' discussed previously and of the
structure of the error surface. The direction in which the transponders are moved
is constrained to nearly parallel to the FLIP-transpondpr baseline (Figure C.6). This
occurrs because the distribution of FLIP positions shown in Figure C.4, provide
adequate range information but minimal azimuthal information regarding the
transponder positions as was indicated by the error surface. There are no sure
techniques for locating a global minimum in the company of local minimina.
Without independent positional da'a corroborating the results, either Monte Carlo
te(lhni. 1 ues would have to be incorporated in the initial position of each
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transponder, or knowledge of the error surface would have to be employed as a
constraint (search range/azimuth space rather than xy space). Fortunately, the
initial estimate of the transponder positions were acquired from accurate GPS fixes
and the resulting error in GPS positions compared to the estimated FLIP positions at
corresponding times had an rms value of only 10 m. Thus the estimated
transponder positions were declared adequate.

C.4. ARRAY TRAVEL TIME ACQUISITION
Travel time measurements were acquired by interrogating three bottom

mounted transponders from FLIP and detecting their replies at the navigation
receivers distributed across the 900 m aperture array. There are 24 navigation
receivers located at ± 3.75 m from each processor which are separated by 75 m
(Figure C.7). Due to bandwidth constraints, data from 12 of the navigation receivers
(one/section) were decimated and recorded during the September 1987 sea test.
The data bit stream from transmit time of the interrogation pulse to receive time of
the reply at the array was reconstructed during post-processing for each navigation
receiver and the travel times calculated.

The navigation timing was based on a 16 bit clock driven at a 1 KHz rate
which initiated the navigation sequence. This clock is referred to as the hardware
clock to differentiate it from the real-time clock (local time) and the Greenwich
Mean Time (GMT) clock. The timing is illustrated in Figure C.8 and described below.
A transceiver located at the bottom of FLIP transmited a series of 65536 ms
transponder sequences (Figure C.8a). A transponder sequence consisted of 4
interrogation pulses 10 ms long at 10 s intervals beginning at a 16 bit clock rollover
followed by a 35.536 s silent interval (Figure C.8b). The first three pulses were at
the unique transponder interrogate frequencies of the bottom transponders (10,
10.5 and 11 KHz). Upon receiving an interrogation pulse the bottom transponders
replied with a 3 ms pulse at 12 KHz. The turn around time of the transponders is
signal to noise dependent, however due to the strength of the transmitted signal,
the delay was assumed to be less than 1 ms. The fourth interrogation pulse
transmitted by the FLIP interrogate transceiver was at 12 KHz which simulates a
bottom transponder reply. The array therefore received four consecutive 12 KHz
reply pulses about once a minute (Figure C.8c). The navigation receivers were
capable of detecting a 12 KHz signal 6 dB below the noise level in a 200 Hz band.
The binary output of the detector was sampled at 5 KHz and decimated by 2 to
provide a continuous time series consistent with the 5 bits per processor every 2
ms allowed for navigation data within the specified data format. Thus the data from
12 navigation receivers located 3.75 m below each processor (H5 in Figure C.7) in
the array were multiplexed in with the low frequency acoustic data, transmitted to
the surface and recorded. The interrogation sequence was synchronized with the
timebase in the array and the initiation time of the sequence (as indicated by the
roilover of the hardware clock) was sampled every 128 ms and recorded on the
tape. The tape forma, showing the placement of the navigation data is illustrated in
Figure C.9. The navigation data time series are reconstructed from this recorded
data by the method described below.

The structure of the data on tape was not optimized to facilitate extraction
of the navigation bit stream. The heacLr containing the timing information appears
in the first 8 words of each tape buffer which contains 128 ms of data. Most of the
6280 16-bit words within a buffer are assigned to low frequency acoustics rather
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than navigation as seen in Figure C.9. To reconstruct the sampled time series
output from each navigation receiver, the 5 bits/processor must be extracted and
stored. The major programming effort was in initializing and incrementing pointers
and in error checking. The extraction of the data begins with the data buffer
containing the hardware clock rollover. The rollover may occur anywhere within
the data buffer. The program examines each buffer header for the hardware clock
rollover. This is determined by testing between consecutive clock times for a
negative difference, and linearly interpolating within the buffer for the correct
frame. For example, if the hardware clock in buffer 1 is hwc1 = 65430 and the
hardware clock in the next consecutive buffer is hwc 2 = 22, then the difference
(hwc 2 - hwc, = -65408) is negative and the clock rollover occurs within buffer 1 at
frame 53; the data stored would begin at frame 0, buffer 1. The time difference
from the beginning of the buffer to the rollover is stored in a parameter called start
and passed to the subroutine navloc which calculates the travel time. Once the
rollover is identified, the navigation data associated with each processor is masked
off and stored as the 10 most significant bits in a 16-bit word (fillnav).

The travel time calculation is a simple difference once the time of the
transponder reply is determined. To locate the reply, the data is treated as a time
series of 0.4 ms bits, and a correlation between the time series data and a replica
transponder pulse is initiated as a matched filter detector. Due to inconsistencies
in receiver detection threshold and noise level, each receiver is assigned an
individual replica pulse length. Temperature sensitivity of the capacitors and high
failure rate of the inductors in a phase matching tuned filter caused the mismatch
in the detection threshold of the individual receivers. This variation in receiver
error is apparent in the positional error distribution shown in Figure C.10, in which
the only hardware or processing difference is in the navigation receiver itself.
Additional variation in receiver signal to noise level of the incoming reply could
have been caused by the 12 KHz beam pattern of the individual elements. Each
element consisted of two hydrophones wired in series with a spacing between 8
and 9 cm such that at 12 KHz, a notch in the beam pattern appears between 46° and
520 from broadside. From Figure C.4, the arrival angle of the transponder replies
when the array was nominally at 400 m was between 580 and 650 from broadside
and signal to noise was high enough to be detected; at deeper depths, however, this
is potentially a problem. The rms error used in the distribution calculations
accompanies each receiver position estimation described in Section 111. The
transponder reply is a CW pulse, so the correlator is implemented as a moving
adder, with a detection defined as the first occurrance of a normalized correlation
amplitude greater than or equal to 1.0 within a valid data window.

The window was installed due to excessive noise levels and the interference
seen in the return of a single navigation receiver from the hardware clock rollover
as shown in Figure C.11. The window must be determined prior to program
execution. An option in the program harrynav (-p) will print out all bits set by the
navigation receiver, packed into the least significant 10 bits of a 16-bit word (for a
maximum of 3FF) to allow the user to determine the window parameter. An example
is seen in Figure C.12: the return for processor 2 is clean and the transponder reply
is quite clear. The last 4 bits of word 1503 are set followed by 8 bits in word 606,
for a total of 12 sequential bits set. The words have a maximum of 10 bits or 4 ms.
The valid data window length is a minimum of 100 ms and varies with the
transponder. Only the leading edge of the window is specified in the window
parameter input file window.dat. An estimate of the leading edge of the window for
a particular receiver p may be obtained by multiplying the first word of the
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transponder reply W. by 4 and subtracting 184 ms. A window parameter for each
processor and each transponder must be specified, 48 total. The algorithm for
computing the time of arrival of the leading edge of the reply is

Ta = W,, * 4 + (10- B,,) * 0.4 - start - c

where Wp is the first word, and Bp is the number of bits set in the first word, start is
the time difference between the beginning of the data buffer and the hardware
clock rollover as described earlier (printed in line 1 of Figure C.12 as Start: 14), and
c is a constant = 134.68 ms; e.g. Wp - 1503, Bp - 4, Ta - 5865.72 ms which is the
result shown in Figure C.12 for Roll: 1, Xponder: 1 Start: 14, Proc# 2 in the Figure.
The constant c is a sum of the delays through the array system in ms determined by
laboratory tests to be 7 + (128 - 0.016 * (32 - NPROC)) where NPROC is the number
of processors in the array. The 7 ms is due to data buffering in the array hardware
and the remainder is due to buffering within the driver for the magnetic tape. This
buffering delay was discovered later to be in error by 112 its and should have been
calculated as (128 ms/frame - [125 (words/frame) - 2 (header words) - NPROC * 8
words/processor] * 0.016 ms/word).

The result of the correlation is seen as a series of returns across the array
for each of the transponders as shown in Figure C.13. One second of data for each
processor is plotted during each transponder reply with the deepest processor P1
plotted on the bottom. The reply from the bottom transponders (Figure C.13a, b
and c) appear at the deepest processor first and arrive sequentially at the shallower
receivers as the pulse travels up through the water column. The pulse from the last
transponder (Figure C.13d) travels down from FLIP. The squared amplitudes are
normalized to 1.0 and plotted such that a value of 1 will be slightly above the zero
level of the next processor. The noise and intcilI ience mentioned earlier is also
evident; processor 6 represents a particularly i,,isy time series and interferring
signals are seen travelling up and down the array, e.g. between 0.6 and 0.7 s on the
plot of transponder 3. Each valid data window is marked with "x's"; the window
length for the first and last transponders is 100 ms, but was increased for
transponders 2 and 3 to 250 ms to enable detection of the transponder error modes
illustrated by the green transponder (transponder 2) in Figure C.1. The time of
arrival of the detected reply may be estimated from the plot by adding the time
indicated by the plot to the number of ms notated at the top of the plot and
subtracting a constant c = 134 ms defined previously. The travel times are
converted into slant ranges by assuming a constant sound speed of 1500 m/s and
writien into ascii files for use in the spatial position calculation computed in the
next program.

C.5. ARRAY SPATIAL LOCALIZATION

The navigation a!gorithm for the array elements is virtually identical to that
described for the transponders once the initial array X-Y position is determined,
except that the transponders are considered stationary. The element to transponder
slant ranges corrected for sound speed, the depth of the transponder installed on
FLIP and the adjusted transponder locations constitute the data required to navigate
the array. The array positions are iterated to achieve the best fit to the data is a
least squares sense. Array element relative location accuracies of a few meters are
achieved by this method.
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The array is not moored but hangs vertically from I111, uid(ler 320 kg of
tension: its horizontal range of motion is significant during a one minute time
interval. Consequently, receiver locations are iterated using a single time slice of
slant range data. The receiver slant range is the path from FLIP to the transponder
to the receiver: FLIP slant range is simply the path to the transponder. The slant
ranges are corrected for deviations due to a sound speed profile which differs from
the assumed 1500 m/s, as are the receiver depths (which are obtained from the
travel time measurement of the FLIP transceiver to each receiver), using the
harmonic mean described earlier. The noise in the receiver slant range
measurements (Figure C.14) is contributed to not only by the receiver noise as
shown in the previous section but by the transponder malfunction described in the
first section and by high frequency FLIP motion (recall that FLIP slant ranges are
available only once per hour). Constraints on the difference in receiver depths and
slant range measurements from one minute to the next are implemented as user
parameters thresd and thres. If these thresholds are exceeded, the noisy data is
ignored and another user parameter alter determines which interpolation scheme
will be implemented, if any.

Localization of the array receivers now proceeds to the least squares filter.
A constant initial xy position is assigned to FLIP based on a GPS position as was
done during the transponder iteration for the FLIP initial position; the initial
positions for the first receiver iterated is the estimated FLIP position; the initial
positions for subsequent receivers is the estimated position of the previous
receiver. The FLIP slant range is subtracted from the receiver slant ranges leaving
the transponder to receiver portion. The horizontal slant ranges are calculated and
the xy positions are iterated minimizing the squared error in calculated and
Imeasured' positions. With the transponder positions fixed, the iteration is
confined to FLIP and the array receiver positions whose x, y and z positions are
output with an associated rns error. The resulting analysis of data processed in
this manner is presented in [Sotirin and Hildebrand. 1989].
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Figure C.I FLIP Navigation System Detection of Transponder Replies. Yhc signals
represent the transponder replies plotted by a chart recorder. Each sweep represents one
second of round trip travel time, each tic mark is 33.33 ins. Each transponder direct return is
marked by Julian day/G;MT and by the sweep number with colored pens for easy
identification. A normal detection is clear and concise and may be measured by hand to
within 2-3 ms. Two types of errors are evident in the returns of the green transponder. The
first illustrates a weak direct return Gd, and the spacing between returns GC, G,, and G,,,
indicates that the transponder is replying to a bounce of the interrogation signal. The
second type of error illustrates smaller scale random returns, inconsistent in occurance and
amplitude.
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Figure C.3 Navigation Overview. rhe horizontal projection is estimated first by Using the
measured slant rangc and depths (IIRAN) and then by using the initial xy positions (rngxy).
The initial xy positions of the transponders (1-1-red, T12-green, T3-blule) and FLIP as
measured by a GPS fix are notated in meters on the axis, and beneath the transponder for
depth.
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Figure C.4 Spatial Configuration for Navigation During the September 1987 Sea Test. The
estimated xy positions of the 3 fixed bottom transponders and of FLIP measured hourly over
18 clays are shown in plan view. The mooring lines are represented by arrows, and the slant
range (s) and horizontal projection ot the slant range (h) are indicated in meters from an
arbitrary FLIP xy position of (2400,3200) m. Transpondersbaseline distances are also
indicated in meters.
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Figure C.6 Monte Carlo simulation of initial transponder positions. This simulation
illustrates the constraints in search diretion placed on the least squares iteration by the
spatial configuration of the survey points. lhe azimuthal position of the transponders is not
accurately determined by the FLIP data set used. The transponders tend to move along the
transponder to FLIP direction. The intihal transponder position is notated by a triangle, the
final position by a cross.
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Figure C.:7 Array Navigation Receivers. The array was deployed at three nominal depths
during the September 1.987 experiment. The ].2 identical array sections are each 7S m in
length, with 10 receiving hvdrophones spaced at equal increments. The location of the navi-
gation receiving hydrophones is illustrated for one section The data from one navigation
receiver per array section (HS) was recorded during the experiment. The background curves
represent the CTD sound speed profile and 3 near surface profiles calculated from XBT data.
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Figure C.8 Navigation Timing Diagram. The timing associated wit'- the array navigation
system is illustrated. (a) The transponder interrogation sequence is nitiated every 65536
(64 K) ms by a 16-bit hardware clock rollover (R). (b) Each transponder sequence consists of
4 transmissions at unique frequencies issued from a transceiver mounted on the bottom of
FLIP (90 m depth) spaced 10 s apart. (c) The array receives the 12 KHz transponder replies
and the 12 KHz pulse from FLIP. The time of arrival of a transponder reply reflects the time
it took the acoustic pulse to travel from FLIP to the transponder to the array receiver. The
time of arrival of the FLIP 12 KHz pulse corresponds to the distance from the array receiver
to FLIP. (d) The hardware clock rollover and 12 KHz arrivals may occur anywhere w.thin a
128 ms tape buffer which complicates the data extraction procedure.
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Figure C.9 Data Tape Formiat. The taipe consists of 11000-12000 buiffers, a bUffer itiv~iides
an 8 word header and 64 98-wvord frames, the header stores relevant timing and error
information, a frame contains a framne sync word, a frame counter, and twelve 8 word
processor data grou~ps, a processor dlata grouip has tenl samples of the low frequlency
aicotistic field, 5 navigation bits atnd a 3 hit processor ID. The information relevant to the
navigation incltides the 8 w~ord header, framev sync word, t e Omle try module wvord. 5 (0.4 mis
sample rdte) navigat iofn bits (bit 8 occ uri ng ftirst inl r-eal t i 1ff anid a -3 hit proc essor ID (11D).
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Figure C. 11 Correlated OJut put from a Single Receiver A single receiver shold ideally
display only 4 detections during a t rniponcler interrogation sequence. Shown is a 40 s time
series of the correated output of proc essor 3. [ach line rep~resents one second of data, a
signal is detected as a transponder return if the amplitude is above the 7cro level of the line
above it. The non~e and interferring signals warrented that only data %%[thin a valid dlata
window he considered. INh desired dute tions are indicated by the sitplud boxes.
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Figure C.12 Raw Navigation Data, Raw data output for one transponder return. Some of the
receivers are very noisy and the dashes indicate that lata have been deleted for clarity. The
processed output is listed first indi(ating that this is the first rolover, the first transponder
and that the differem e between the hardware (lock rollover and beginning of the buffer is
14. The processors are numbered 1 to 12 with I located at the deep end of the vertical
array. Tho first num ber is travel time in is tie second is slant range in rn assuming a
constant sound speed of 1500 in/s, an( the third is an indi(ation of the strength of the
return. The raw dat3 is printed below, listing the processor number and ID, followed by the
data word number and bits set of the hardware receiver output. Lach word represents 4 ms
or 10 bits for a maximum of 3FF if all 10 bits are set.
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Figure C.13 Transponder Reply Detection Tlhe correlator output for each processor is

plotted for 1 second around the time of each of the transponder replies. The top processor

plotted is the top processor in the array. "lhe valid data window is indicated by the small
x's. The bottom mounted transponder replies are evident as upward traveling pulses,

arriving at the bo'tom of the array first. (a) -11 (red) transponder reply an i\ ing between 0.15

and 0.55 for processors 1 and 11 r spectively; (b) T12 (green) transponder reply: (c) T3 (blue)
trdlnsl)onder reply; (ci) the 12 Kltz pulse transmitted from tiltI arrives as a downward

traveling pulse with the surface I)OIun(e 120) ms hehcnd.
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Figure C.14 'rant Range Data. The slant range data for each of the bottom transponders
(as detected by the navigation receiver sampled by processor 8) are plotted relative to the
median value for a series of nonconsecutive tapes. The data were clipped at ±200 m from
the median value. Fhe errors shown in Iigure A.la for the green transponder are evident as
a shadow return 160 In from the direct return. Most of the data appearing at -200 11
illustrates a la( k of detection dure to the navigation of Il IP once an hour for several minutes
FLIP navigation (outinues to interrogate the transponders ( onsequently the 12 KHz retorn,
are there. hult because the [LIP' navigation syitem is not sy.nchro not,; with the arra,, the
valid (latI WinodWs filter out most of the unwanted returns.
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